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ABSTRACT 
Concern over the anthropogenic influence on climate has drawn attention to the role of 
aerosol in the earth’s climate system, because aerosols counteract the warming effect by 
greenhouse gases. The aerosol effect on climate is dependent on the balance between absorption 
and scattering of light by the particles, which are affected by ambient relative humidity (RH). 
Although absorption and scattering have been measured under dry conditions, their measurement 
at high RH requires laboratory measurements with a high degree of control. While numerous 
studies have investigated how RH affects light scattering and light extinction, few have explored 
RH effects on light absorption. 
Light absorbing organic carbon aerosol (LAOC) constitute a large fraction of biomass 
burning emissions and biomass burning is the largest source of primary organic aerosol in the 
atmosphere. This laboratory study investigated light extinction, light scattering and light 
absorption under controlled RH conditions (up to 95% RH) of LAOC and its mixtures with 
ammonium sulfate and sodium chloride, two common inorganic components of atmospheric 
aerosol. Measured scattering and extinction coefficients at visible wavelengths were used to 
determine light absorption. Extensive instrumentation development and benchmarking with 
independently measured and modeled values were required. 
The measured absorption of LAOC aerosol increased by a factor of 2.1 ± 0.7 and 2.3 ± 
1.2 between 32 and 95% RH at blue and green wavelengths. When the LAOC aerosol were 
mixed with ammonium sulfate and sodium chloride, extinction and scattering growth occurred 
with increasing RH and inorganic mass fraction, but the same absorption increase as for pure 
LAOC was observed.  
Using a simple radiative transfer model, the treatment of LAOC aerosol optical properties 
with increasing RH was observed to be important over surfaces with an albedo of 0.85, 
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characteristic of fresh snow. The modeling predicted a top of the atmosphere simple forcing 
efficiency of 145 W g
-1
 and a radiative forcing of 144 mW m
-2 
at 95% RH compared to 58 W g
-1
 
of LAOC and 57 mW m
-2
 under dry conditions. If the LAOC were treated as non-absorbing OC, 
the simple forcing efficiency and radiative forcing would be -0.33 W g
-1
 and -0.32 mW m
-2
, 
respectively, under dry conditions and -0.57 W g
-1
 and -0.56 mW m
-2
 at 95% RH. These findings 
indicate that it is important to represent the increase in light absorption with RH in climate 
models. Most global climate models that include the optical properties of organic matter 
currently do not account for absorption and the absorption increase by organic carbon emitted 
from biomass combustion or pyrolysis. Additionally, a change in LAOC absorption with RH 
might have further implications for semi-direct and indirect climate effects and tropospheric 
chemistry. 
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1. INTRODUCTION 
1.1 Research Motivation 
The earth’s climate system is an energy balance between the amount of solar radiation 
received from the sun and the amount of energy that is radiated back to space. Changes in the 
structure and composition of the atmosphere alter this radiative equilibrium, and thus affect 
regional and global climate [Tyndall, 1861]. Besides greenhouse gases, aerosols are a known 
perturbation to the radiative equilibrium. The perturbation results in warming or cooling of the 
earth’s system, depending on the balance between absorption and scattering of light by the 
aerosols (direct effect) [McCormic and Ludwig, 1967]. Additionally, aerosols interact with water 
vapor and affect climate indirectly by acting as cloud condensation nuclei (CCN), and indirectly 
by affecting properties and lifetimes of clouds [Twomey, 1974]. In contrast to greenhouse gases, 
aerosol concentrations show a temporal and spatial variability due to their short lifetimes in the 
atmosphere. Early climate models inferred the radiative perturbation effects of aerosols by 
assigning them the missing surface warming, or the difference between the predicted warming 
from greenhouse gas emissions and the warming measured from surface temperature, e.g.,Gates 
and Schlesinger [1977]. With improvements in computational resources and the establishment of 
global circulation models (GCMs), the aerosol radiative perturbation effects started to be 
evaluated from predicted aerosol emissions and aerosol chemical and physical properties. 
Radiative transfer models were established for sulfate aerosols [Charlson et al., 1991], 
carbonaceous aerosols [Penner et al., 1992] and mineral dust [Tegen et al., 1996]. For the 
prediction of the aerosol radiative perturbation effect in these models, detailed information about 
sources and sinks, aerosol chemistry and microphysics is necessary. Research efforts have 
improved the understanding of all these aspects, but due to the complexity of the various aerosol 
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processes and effects, the scientific understanding of this field is quoted as “low” by the fourth 
assessment report (AR4) of the Intergovernmental Panel on Climate Change [Forster, 2007]. 
As part of the effort to better understand aerosol-climate interactions, this dissertation 
investigated carefully controlled laboratory studies to measure, constrain and predict optical 
properties of common species of atmospheric aerosol: light absorbing organic matter and light 
absorbing organic matter mixed with inorganic salts. The measurements were performed as a 
function of relative humidity (RH) which is known to be the most important environmental 
variable affecting aerosol properties [Boucher and Anderson, 1995; Hegg et al., 1993]. 
The remaining part of the introduction (Chapter 1) introduces aerosol and aerosol 
properties (1.2), atmospheric water vapor and RH (1.3), and the earth’s climate system and 
aerosol effects on climate (1.4). Chapter 1 is intended to provide an overview of the research area 
of this dissertation. Chapter 2 reviews current literature and provides information about the three 
main aspects of this work: aerosol hygroscopicity (2.1), aerosol optical properties (2.2) and 
properties of light absorbing organic carbon (LAOC) aerosol (2.3). Based on the literature 
review, Chapter 3 discusses the specific research objectives and significance of this dissertation 
project followed by the methods (Chapter 4) and the results (Chapter 5). The final chapter 6 
provides a summary, discusses implications and offers the conclusions and future 
recommendations of this dissertation. 
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1.2 Survey of Atmospheric Aerosol 
By definition the term aerosol refers to solid or liquid particles suspended in a gas [Hinds, 
1982], but aerosol composition typically refers to the particulate component, neglecting the gas 
phase. Atmospheric aerosol has natural and anthropogenic sources. Primary aerosol is emitted 
directly into the atmosphere and secondary aerosol is produced in the atmosphere by gas-to-
particle conversion. 
1.2.1 Atmospheric Aerosol Sizes and Size Related Processes 
A common way to classify atmospheric aerosol is by its size. Aerosol particle size is one 
of the key variables for determining its effect on health, environment and climate. Atmospheric 
aerosol particles can vary in size over five orders of magnitude from 0.001 μm to 100 μm, 
corresponding to the sizes ranging from molecular clusters to hydrometeors in the atmosphere 
(Figure 1). 
 
Figure 1 Schematic overview of the processes that govern the number size distribution and 
chemical composition of atmospheric aerosol particles. Graphic adapted from Heintzenberg 
et al. [2003]. 
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Figure 1 indicates that four distinct, but overlapping aerosol size modes named nuclei, 
Aitken, accumulation and coarse mode are found in the atmosphere. Gas-to-particle conversion 
forms the smallest particles in the nuclei and Aitken modes. This conversion occurs when a 
gaseous species reaches a concentration that is greater than its saturation vapor pressure. In the 
atmosphere, chemical reactions can produce species with lowered vapor pressures than their 
educts. Furthermore, since the saturation vapor pressure is an exponential function of 
temperature, gaseous species can condense if ambient temperature decreases. Typical species in 
the nuclei mode are semi-volatile organic compounds and inorganic species such as sulfuric acid. 
Depending on ambient conditions, particles in the nucleation and Aitken modes typically grow 
rapidly in size by coagulation with other particles and further condensation of gaseous species. 
With residence time in the atmosphere these particles reach the accumulation mode size that also 
consists of primary particles such as non-volatile organics, soot and inorganic species that are 
emitted directly into the atmosphere. The largest size mode, known as the coarse mode, consists 
of directly emitted mechanically generated species such as windblown mineral dust and sea 
spray. Hygroscopic growth (Chapter 2.1) can also create coarse mode aerosol droplets. 
Aerosol is removed from the atmosphere by dry and wet processes. For nuclei and Aitken 
mode particles with diameters smaller than 0.1 µm the principal removal mechanism is diffusion 
to surfaces such as for example leaves of plants. Coarse particles with diameters larger than 1 µm 
tend to settle gravitationally. In the accumulation mode range, which is between 0.1 and 1 µm, 
dry removal is very slow, causing long residence times of this size mode in the atmosphere 
[Andreae and Crutzen, 1997]. Accumulation mode particles are typically removed by 
hygroscopic growth into cloud droplets and subsequently removed from the atmosphere by 
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precipitation. Not all cloud droplets rain out; some droplets evaporate leaving behind particle 
residuals [Clarke et al., 1999; Raes et al., 2000]. 
1.2.2 Atmospheric Aerosol Sources 
The majority of atmospheric aerosol mass is of natural origin, with sea salt and mineral 
dust constituting over 90% of the total emitted global aerosol mass (Table 1). Sea salt particles 
are generated by bubbles bursting at the ocean water surface [Blanchard and Woodcock, 1957]. 
The magnitude of sea salt emissions is a function of wind speed [Patterson et al., 1980]. The 
mechanism for natural mineral dust emissions is through wind shear which causes the saltation 
and suspension of particles. The transport and deposition of atmospheric mineral dust have been 
found to be of importance for the biosphere, e.g. providing nutrients for marine phytoplankton 
that sequestrate atmospheric CO2 [Martin et al., 1991]. In comparison to other aerosol types 
atmospheric mineral dust and sea salt are larger in size (coarse mode), which explains their large 
contribution to total aerosol emissions by mass (Table 1). 
  
6 
 
Table 1 Global annual aerosol emissions sorted by chemical species and sources (1 Tg = 10
6
 
metric tons). Adapted from Andreae and Rosenfeld [2008]. 
Type Estimate (Tg yr
-1
) Min. (Tg yr
-1
) Max. (Tg yr
-1
) Mode 
Sea Salt 10130 3000 20000 
Accumulation, 
Coarse 
Mineral Dust     
Natural 1600 1000 2150  
Anthropogenic 100 40 130  
Total Mineral Dust 1700 1040 2280 Coarse 
Primary Organic     
Biomass Burning 54 26 70  
Fossil Fuel 4 3 9  
Biogenic 35 15 70  
Total Primary 
Organic 
95 40 150 Accumulation 
Secondary Organic     
Biogenic 25 25 79  
Anthropogenic 3.5 0.05 4  
Total Secondary 
Organic 
28 2.5 83 
Nuclei, Aitken, 
Accumulation 
Black Carbon     
Open Burning and 
Biofuel Use 
6 5 7  
Fossil Fuel 4.5 3 6  
Total Black 
Carbon 
10 8 14 Accumulation 
Sulfates     
Biogenic 57 28 118  
Volcanic 21 9 48  
Anthropogenic 122 69 214  
Total Sulfates 200 107 374 
Nuclei, Aitken, 
Accumulation 
Nitrates 18 12 27 
Nuclei, Aitken, 
Accumulation 
 
Primary organic carbon (OC), secondary OC, black carbon (BC), sulfate and nitrate 
species have small mass fractions in terms of emissions (Table 1). Important sources of these 
anthropogenic particles are the burning and combustion of biomass (primary and secondary OC 
and BC), fossil fuels (BC, sulfate and nitrate) and also agricultural operations (nitrate). The size 
range of these particles is mainly in the accumulation mode and therefore they have long 
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atmospheric residence times and can be transported long distances. Accumulation mode particles 
efficiently scatter solar shortwave radiation which makes them important for visibility 
degradation and climate. The 10% anthropogenic aerosol emissions by mass contribute half of 
the global aerosol optical depth [Kiehl et al., 2000].  
This “optically active” accumulation mode also contains naturally emitted sulfates. 
Known natural sources of sulfate aerosol are dimethyl sulfide (CH3SCH3) emitted from the 
marine biosphere [Cline and Bates, 1983], and carbonyl sulfide (COS) emitted by soil [Bates et 
al., 1992]. COS has an atmospheric residence time long enough to reach the stratosphere to form 
a persistent sulfate layer [Junge, 1960]. Another source of sulfate is volcanic injections of SO2 
which oxidize in the stratosphere to form sulfuric acid aerosol. Because of their long lifetimes in 
the stratosphere (several months to years), these sulfate particles can have a major influence on 
the earth’s climate because they scatter solar radiation back to space. For example, the eruption 
of Mt. Pinatubo in 1991 reduced the global average surface temperature by 0.5 ºC for more than 
a year [Stenchikov et al., 1998]. Interestingly, the resulting diffuse surface radiation from this 
volcanic stratospheric aerosol stimulated plant growth that absorbed more atmospheric CO2 
[Farquhar and Roderick, 2003], showing the interlinked complexity of atmospheric processes. 
1.2.3 Spatial Variability of Ambient Aerosol Concentrations 
The concentration of ambient aerosol shows considerable spatial and temporal variation. 
The variability in concentration depends on aerosol and aerosol precursor emissions and 
meteorology. Figure 2 provides the average aerosol optical depth for July 2011 retrieved by the 
Moderate Resolution Imaging Spectroradiometer (MODIS) on board the Aqua-Terra satellites of 
the National Aeronautics and Space Administration (NASA). The variable measured by the 
satellite is the aerosol optical depth, which is the degree to which aerosols prevent the 
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transmission of light to the earth’s surface by absorption or scattering. An optical depth of less 
than 0.1 (blue) indicates clear sky conditions with low aerosol mass concentrations present in the 
atmospheric column, whereas a value of 0.5 (brown) indicates hazy conditions with high aerosol 
mass concentrations present in the atmospheric column. 
 
Figure 2 Global map of aerosol optical depth retrieved by the moderate resolution imaging 
spectroradiometer (MODIS) on board NASA’s Aqua-Terra satellite. Image shows the 
average for July 2011. Image provided by NASA’s earth observatory. 
Boreal forest fires are the source of the areas of high optical depth values over Canada 
and Siberia in Figure 2. Land clearing and agricultural fires result in aerosol optical depth values 
in the range of 0.5 in the outflow of Central America, Central Africa and parts of Southeast Asia. 
High aerosol optical depth values are not always related to fires; plumes of Saharan dust storms 
are the likely cause of optical depth values near 0.5 over the Atlantic Ocean in the outflow of 
North Africa. Anthropogenic emissions from various industrial, residential and agricultural 
sources can also be the cause of the high (0.5) optical depth values in the foothills of the 
Himalaya Mountains and Eastern China. 
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The vertical distribution of aerosol mass concentration typically shows an exponential 
decrease with altitude up to the Planetary Boundary Layer (PBL) height (700 to 3000 m) and a 
rather constant profile above that altitude [Gras, 1991; Jaenicke and Schutz, 1978]. These 
observations are rough estimations and significant variability is observed in emission source 
influenced areas, or during nucleation events in the free troposphere [Borrmann et al., 2010]. In 
addition, the heat of open burning and forest fire plumes can loft plumes to altitudes above the 
PBL [Clarke et al., 1984] and volcanoes can inject aerosols into the stratosphere [Dyer and 
Hicks, 1968]. A seven-year study over East Central Illinois [Sheridan et al., 2012] observed that 
the amount of aerosol decreases strongly with increasing altitude to the top of the mixed layer, 
and more slowly after that. Less variability was observed in the intensive aerosol properties with 
altitude; for example, a slight decrease in aerosol hygroscopic growth was observed for aerosol 
above the PBL in comparison to aerosol below the PBL, indicating that aerosol above the PBL 
are less likely to be removed by wet processing. 
1.2.4 Aerosol Composition 
Atmospheric aerosol composition has a high spatial and temporal variability. Ageing 
processes such as coagulation, condensation and chemical reactions cause aerosol species to 
transform and mix in the atmosphere after emission (Figure 1). The history of atmospheric 
processing of an aerosol is therefore important for the chemical and physical properties of an 
aerosol and its effects on environment and climate. Due to the emission sources and formation 
processes, aerosol composition also has a size dependency as mentioned previously. Coarse 
mode particles consist mainly of inorganic material such as silicates and sodium chloride (NaCl). 
The composition of smaller particles is typically more complex due to the interaction of 
processes involved in their formation.  
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The composition of ambient sub-μm diameter particles has been analyzed with aerosol 
mass spectroscopy (AMS) techniques which allow a real time analysis of the non-refractory 
composition of single aerosol particles and therefore also reveal information about the mixing 
state of particles [Middlebrook et al., 1998]. Figure 3 shows the AMS measured sub-μm diameter 
aerosol mass and composition data at various locations throughout the northern hemisphere 
[Zhang et al., 2007]. 
 
Figure 3 Chemical composition of sub-μm aerosol mass throughout the northern 
hemisphere. Color labels indicate the type of sampling location: urban areas (blue), 
downwind of major cites (black), and rural areas (pink). Pie charts show the average mass 
concentration and chemical composition: organics (green), sulfate (red), nitrate (blue), 
ammonium (orange), and chloride (purple), of non-refractory PM 1. Figure from Zhang et 
al. [2007]. 
Figure 3 indicates that organic mass comprises a major fraction (18 to 70%; 45% on 
average) of the sub-μm diameter particle mass at the various locations studied, while sulfate  
(10 to 67%; 32% on average), nitrate (1.2 – 28%; 10% on average), ammonium (6.9 to 19%; 
13% on average) and chloride (Detection Limit to 4.8%; 0.6% on average) account for the rest of 
the non-refractory particle mass. Differences in aerosol mass and composition can also be 
distinguished between rural locations (pink captions), urban locations (blue captions) and 
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downwind of urban areas (black captions). Rural areas have typically an order of magnitude 
lower total mass concentration than urban and urban downwind locations. Furthermore, organics 
dominate the aerosol mass in rural locations, except for Okinawa Island (Japan), which is likely 
influenced by the transport air mass from the mainland. 
Since the AMS instrument measures dry non-refractory aerosol mass, contributions of 
elemental carbon (EC), metals, minerals and water are neglected in this analysis. For example, at 
an anthropogenic perturbed site such as for example Pittsburgh, PA, EC mass would typically be 
around a third of organic aerosol mass [Cabada et al., 2002]. The contribution of metals and 
minerals are at the trace level since they are typically found in larger sized aerosol (>1 μm). 
Aerosol water content could be a major fraction of aerosol mass but depends strongly on ambient 
RH conditions and water active substances present on the aerosol (Chapter 2.1). At 80% RH 
which is commonly found in the atmosphere water can be more than 60% of the total aerosol 
mass [Watson, 2002]. 
1.3 Atmospheric Water Vapor and Relative Humidity 
Water vapor represents a small (0 to 3.5% by volume) but environmentally significant 
atmospheric constituent. The condensation of water vapor to the liquid or ice phase is 
responsible for precipitation. The latent heat of vaporization, which is released to the atmosphere 
when condensation occurs, is an important term in the atmospheric energy budget [Lorenz, 1955] 
responsible for the majority of tropospheric latitudinal and altitudinal energy exchange. 
Additionally, water vapor is also the most potent greenhouse gas absorbing terrestrial infrared 
(IR) radiation accounting for approximately 60% of the natural greenhouse effect [Hartmann, 
1994]. In the stratosphere water vapor that is mainly formed from the oxidation of methane plays 
a major role in ozone chemistry (polar stratospheric clouds, formation of hydroxyl radicals) and 
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also affects the earth’s radiative energy balance. Water vapor can be found at unusually high 
altitudes in the atmosphere between 50 and 90 km (mesosphere) where it is involved in the 
formation of polar mesospheric (noctilucent) clouds. 
1.3.1 Measures of Atmospheric Water Vapor 
Humidity describes the quantity of water vapor in air. There are many different ways to 
quantify humidity, e.g., RH, dew point temperature (Td), or water vapor mixing ratio (r). This 
section introduces the common descriptions for humidity and their measurement methods. 
RH is defined as the ratio of the partial vapor pressure of water in air (e) to the saturation 
vapor pressure (es) of water in air at a given temperature (T) (Equation 1). 
 
 s
% 100
e
RH
e T
          Equation 1 
In Equation 1, es can be derived from the Clausius Clapeyron relation and is commonly 
approximated by Equation 2, known as the Magnus Tetens Equation. 
 s
w
αexp
λ
T
e T
T
 
  
 
        Equation 2 
The parameters α, ϑ and λw to calculate es in relation to water are provided in Table 2  
[WMO, 2008]. 
Table 2 Magnus parameters for the calculation of the saturation vapor pressure with 
Equation 2 [WMO, 2008]. 
α (hPa) ϑ (-) λw (ºC) 
6.112 17.62 243.12 
 
A direct measurement of RH can be obtained with capacitance based sensors. A thin-film 
polymer either absorbs or releases water vapor as the RH of the ambient air rises or drops. The 
dielectric properties of the polymer film depend on the amount of water contained in it; as the 
RH changes, the dielectric properties of the film change, and so the capacitance of the sensor 
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changes. The electronics of the instrument measures the capacitance of the sensor and converts it 
into a RH reading. Capacitance based RH sensors are the most widespread RH sensors in 
environmental and meteorological applications including radiosondes for weather balloons. 
The dew point temperature (Td) is defined as the temperature to which a certain quantity 
of air must be cooled such that at constant pressure condensation occurs (RH = 100%); it is a 
direct measure of e. The RH can be calculated by dividing the saturation vapor pressure at Td 
with the saturation vapor pressure at T (Equation 3). 
 
 
 
 
s d
s s
% 100 100
e Te
RH
e T e T
         Equation 3 
A widely applied instrument to measure Td is the optical condensation hygrometer 
[Griffin, 1964], also known as the chilled mirror dew point meter. The technology uses a 
polished metal mirror which is cooled until it reaches the temperature at which a thin layer of 
condensation begins to form. This condensation layer is detected optically, and the mirror is held 
at that temperature by a control circuit. The mirror temperature is an accurate (typically within 
0.1 ºC) measure of Td. 
The mixing ratio (r) is the ratio between the mass of water vapor and mass of dry air. 
Using the molar mass of water vapor (18.0 g mole
-1
) and dry air (29 g mole
-1
) it can be derived 
as shown by Equation 4, 
2H O
dryAir
18.0
0.622
29.0
e
M eRTr
p eM p e
RT
  
 
      Equation 4 
where r has the unit g water/ kg dry air, p is the barometric pressure (hPa) and e is the vapor 
pressure of water, which can be calculated from Equation 2 with the dew point temperature (Td). 
The mixing ratio is commonly determined indirectly by using capacitance based RH sensors or a 
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chilled mirror dew point meter in combination with dry-bulb temperature and a measurement of 
atmospheric pressure. Direct measurement of the water vapor mixing ratio by the use of mass 
spectroscopy is currently at the research stage for low mixing ratios (ppmv levels) [Rollins et al., 
2011]. Water vapor mixing ratio profiles with height in the atmosphere are also measured 
remotely by using ground-based and satellite-based Raman Light Detection And Ranging 
(LIDAR) instruments. 
1.3.2 Atmospheric Water Vapor Distribution 
99% of atmospheric water vapor is contained in the troposphere [Wallace and Hobbs, 
2006]. Figure 4 provides the vertical profile for the water vapor mixing ratio, temperature and 
RH retrieved by a balloon sounding on August 6, 2012, at 12:00 GMT at the Lincoln, IL (ILX) 
U.S. National Weather Service Station. 
 
Figure 4 Vertical profile of water vapor mixing ratio, relative humidity and temperature at 
Lincoln, IL on August 6, 12:00 GMT (6:00 AM local time). 
The water vapor mixing ratio (black line in Figure 4) decreases rapidly above 2 km of 
height in the atmosphere and shows a minimum near the tropopause and lower stratosphere (12 -
18 km) where it starts to increase again. This rapid decline in water vapor abundance with 
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increasing atmospheric height is associated with the strong temperature dependence of the 
saturation vapor pressure (es). Warmer air contains a much larger fraction of water vapor and the 
temperature (red line) shows a similar but less drastic behavior than the water vapor mixing ratio. 
RH also shows a decreasing trend with height but less distinct since it is a function of both 
mixing ratio and temperature. The highest RH values are typically observed near the PBL in the 
range of 1.5 to 2.5 km in mid-latitudes which is associated with the height bases of 
stratocumulus and nimbostratus clouds. 
Effort has been put into assimilating past measurement data of climatological variables 
into a global context for a validation tool for climate models and GCMs. Figure 5 shows the 
global observation derived surface RH between 1960 and 2010 for such a data assimilation 
project, provided by the Atmospheric Circulation Reconstructions over the Earth (ACRE) 
program which is a collaboration between the National Oceanic and Atmospheric Administration 
(NOAA) and the Hadley Centre of the United Kingdom Met Office. 
 
Figure 5 Observation derived average global surface RH for the years between January 
1960 and January 2011. Image provided by the NOAA-ESRL Physical Sciences Division, 
Boulder, Colorado. 
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The highest RH in Figure 5 is observed over the oceans in regions at high latitudes of  
60 ºN and 60 ºS and in the tropics near the Inter-Tropical Conversion Zone (ITCZ). The 
combination of low water vapor mixing ratios and low temperatures at high latitudes cause the 
RH to be close to saturation, whereas in the tropics the main cause of high RH are the high water 
vapor mixing ratios caused by evaporation from the surface. RH values greater than 85% are 
widespread in these regions with values reaching above 90% in some locations. Places with low 
RH can be observed over land and deserts and in the horse latitudes where dry air masses from 
the Hadley cell subside. Besides deserts, few places have RHs below 40%, which can be 
attributed to the fact that most of the earth is covered with water. It is expected that water vapor 
in the atmosphere will increase in response to warmer temperatures that will amplify climate 
warming [Forster, 2007]. The response of RH is more complex to predict, since it is a function 
of both water vapor mixing ratio and temperature [Hurley and Galewsky, 2010]. 
1.3.3 Colocation of High RH Conditions and Aerosol Particles 
Most aerosol mass is present in the PBL where it decreases exponentially with altitude 
(Chapter 1.2.3). Therefore, aerosols at altitudes in the range of the PBL likely experience the 
highest RH conditions near or above super-saturation which causes the formation of cloud 
droplets and clouds with bases at the PBL. The RH conditions in the PBL show a diurnal 
variability with highest values typically observed in the early morning [Dai et al., 2002]. RH 
values above 80% are commonly observed in the PBL (Figure 4) and such high RH conditions 
strongly affect aerosol water content, size (Chapter 2.1) and optical properties (Chapter 2.2.2). 
High RH conditions near clouds in the PBL have been shown to enhance global aerosol 
optical depth by up to 25% [Chand et al., 2012] and much of the satellite observed enhancement 
is consistent with aerosol hygroscopic growth in the surrounding humid environment. Similar 
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remote sensing studies found that that the clear sky optical depth systematically increases near 
clouds and that clouds are surrounded by a clear sky transition zone of rapidly changing aerosol 
optical properties and particle size [Varnai and Marshak, 2011]. High sub-saturated RH 
transition zones near the PBL that affect aerosol optical depth have been observed extending 
over large cloud free areas as far as 20 to 30 km away from clouds [Bar-Or et al., 2011; Twohy 
et al., 2009]. In summary, all satellite remote sensing studies observe that high RH conditions are 
commonly present in the troposphere and have significant effects on aerosol optical depth that 
affects clear sky radiative transfer. This work aims to explain the mechanism of the RH effects 
on aerosol optical properties in order to confirm the remote sensing observations with modeling 
and to reduce the uncertainty of these observed effects on climate predictions. 
1.4 Earth’s Climate System and Aerosol Effects on Climate 
Human induced climate change has emerged as an important scientific, social and 
political issue on a global scale. Climate is weather averaged over many years, and climate 
predictions are weather conditions expected for a given place and time based on statistical 
analysis of past records. Similar to weather, common variables to describe climate include 
surface temperature, RH, and rainfall. The anthropogenic influence on these variables must be 
detected above natural variability caused by external climate forcers such as solar variability, 
changes in earth’s orbit and tectonics and natural aerosol emissions. 
1.4.1 Earth System Science Approach to Climate Research 
Earth system science tries to obtain a scientific understanding of the entire earth system 
on a global scale by describing how its component parts and their interactions have evolved, how 
they function, and how they may be expected to continue to evolve on all time scales 
[Bretherton, 1988]. In terms of climate research, the goal is to understand the link between 
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anthropogenic activities and climate. The processes and interactions in such a system are 
extremely complex. A simplified but still complex diagram showing the relevant interaction 
from an atmospheric point of view is shown in Figure 6, known as a Bretherton diagram 
[Bretherton, 1988]. 
 
Figure 6 Bretherton diagram of the earth system showing the domains and processes to be 
described in climate models. Image provided by CMSOS, Max Planck Institute for 
Meteorology, Hamburg. 
Observational records of physical and chemical variables allow insight into this complex 
system and allow the identification of climatic trends and anthropogenic pollution for multiple 
decades to centuries. Depending on location, ice-core and sediment samples offer insight into the 
climate and geochemistry of other epochs before the Anthropocene epoch. Modeling allows the 
understanding and linkage of physical processes in the past, at the present and in the future. The 
major challenge in the understanding and description of the earth system as depicted in Figure 6 
lies in the spatial and temporal scales of the various processes involved. Temporal scales can 
range for example from tens of thousands of years for orbital changes and inorganic 
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geochemistry to almost instantaneous processes such as aerosol and cloud processes in the 
atmosphere. 
1.4.2 Earth’s Radiative Energy Balance and Concept of Radiative Forcing 
On a planetary scale, the earth’s energy balance is driven by the absorption of solar 
radiation by the earth system and subsequent emission of terrestrial radiation to space. An 
overview of earth’s global annual average energy balance and shortwave (white) and longwave 
(grey) energy fluxes is provided in Figure 7. 
 
Figure 7 Earth’s global energy balance. The dominant energy fluxes expressed as 
percentage of the annual average amount of incoming solar radiation of 342 W m
-2
 at the 
top of the atmosphere. Image from Kleidon [2008]. 
Of the solar radiation incident on earth (about 342 W m
-2
, global annual average) 30% is 
reflected; the rest (70% or 238 W m
-2
) is absorbed in the atmosphere and the earth’s surface. The 
absorption of this energy maintains the temperature of the planet. The surface of the planet emits 
radiant energy in the IR region of the spectrum. This energy, in addition to energy introduced 
into the atmosphere by absorption of solar radiation and from latent and sensible heat at the 
surface, warms the atmosphere. A feature of the earth system is that internal exchanges in energy 
between the surface and the atmosphere by longwave radiative fluxes are larger (115%) than the 
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insolation at the top of the atmosphere, referred to as the greenhouse effect. Much of the heat 
energy that is introduced into the atmosphere is absorbed and re-emitted back to earth by water 
vapor, other greenhouse gases and clouds. This additional radiant energy warms the planet to its 
observed average temperature of 15 °C instead of -18 °C if no terrestrial radiation were absorbed 
by the atmosphere and re-emitted back to earth (no greenhouse effect). 
The energy introduced into the system at the top of the atmosphere is emitted to space, 
with a flux that is nearly identical to the absorbed incident solar flux (70%). Changes in 
atmospheric composition can perturb this flux balance and consequently cause radiative forcing 
(RF). This flux in balance causes a response of the climate system to equilibrate itself. For 
example, positive RF contributes to an increase in surface temperature, which is the object of 
much current research. Figure 8 shows modeled anthropogenic forcing of the radiative balance 
by greenhouse gases and aerosol for a time period between 1880 and 2005 [Hansen et al., 2005]. 
 
Figure 8 Radiative forcings of major atmospheric constituents and processes for the time 
period between 1880 and 2005. Image from Hansen et al. [2005]. 
Figure 8 shows that the RF of well mixed greenhouse gases (green line) which include 
carbon dioxide, methane, chlorofluorocarbons and nitrous oxide has reached a level of 3 W m
-2
 
in 2005. Positive forcing was also observed for BC aerosols, ozone, stratospheric water vapor 
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and snow albedo, which is mainly attributed to the effect of deposition of BC on snow which 
causes snow melt. The external forcing of the sun is slightly positive over the same time period 
with a visible 11-year oscillatory behavior (sun spot cycle). Reflective tropospheric aerosol (light 
blue line) and indirect aerosol effects (dotted violet line) have the largest negative forcing on the 
earth’s radiative balance. Stratospheric aerosol shows a negative fluctuating forcing behavior that 
can be linked to major volcanic eruptions. The effect of the eruption of Mount Pinatubo in 1991 
is visible in the two years following the eruption. Converting forested areas to agricultural land 
in the last two centuries caused an increase in surface albedo which also causes a slight negative 
RF (dashed green line in Figure 8). The negative forcing is dominated by the aerosol and aerosol 
cloud effects and partially counteracts the positive forcing of greenhouse gases. 
Radiative Forcing is a useful metric in climate research since it can be separated from the 
climate response that includes changes in factors such as temperature and precipitation that can 
misperceive comparisons of perturbations due to positive and negative climate system feedbacks. 
However, RF can be related to climate response, e.g., a linear relationship exists between RF and 
the resulting change in surface temperature. The proportionality parameter is uncertain, ranging 
between 0.3 and 1.1 ºC m
2
 W
-1
 with a best estimate of 0.65 ºC m
2
 W
-1
 [Forster, 2007]. The 
linking of RF with temperature change is most commonly used for carbon dioxide. Climate 
sensitivity expresses the equilibrium temperature change associated with a doubling of the 
concentration of carbon dioxide in earth's atmosphere (RF of 3.7 W/ m
2
). This value is estimated 
“as likely to be in the range 2 to 4.5 °C with a best estimate of about 3 °C, and is very unlikely to 
be less than 1.5 °C” according to the Intergovernmental Panel on Climate Change [Forster, 
2007]. 
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1.4.3 Aerosol Perturbations on the Earth’s Radiative Balance and Climate 
Aerosol particles influence the climate directly by scattering and absorbing atmospheric 
radiation, particularly in the short wavelength visible spectrum. (Details of aerosol optical 
properties are explained in Chapter 2.2.) The upscattering of solar radiation by aerosol is larger 
than their solar absorption, explaining the negative RF in Figure 8. Also, aerosol absorption in 
the ultraviolet range can influence atmospheric chemistry, in particular ozone formation [Li et 
al., 2011; Vuilleumier et al., 2001]. With the exception of mineral dust, the interaction of aerosol 
with terrestrial (longwave) radiation is small due to low extinction efficiency in the IR and 
similarity between temperature of the aerosol and the earth’s surface [Kiehl and Briegleb, 1993]. 
Absorbing aerosols may alter the vertical atmospheric temperature structure and affect 
convection and cloud formation [Hansen et al., 1997]. Aerosol particles further influence the 
climate indirectly by acting as CCN and consequently affect the formation, lifetime, and 
reflection of solar and terrestrial energy by clouds [Twomey, 1974]. This effect is presumed to 
have negative RF (Figure 8). Similar to aerosol, clouds cause localized cooling and warming of 
the climate system depending on their properties and altitude in the atmosphere. 
The long wave component of RF - both past, present and future - can be predicted fairly 
accurately because long-lived greenhouse gas concentrations show little spatial variability and 
can be linked to their increased and increasing emissions (except water vapor and ozone). 
However, aerosol climate forcing is still not well understood due to its complex spatial and 
temporal distribution, and because of uncertainties in the interaction with clouds. To illustrate the 
issue of aerosol and cloud RF, the difference between measured and modeled annually and 
zonally averaged reflected shortwave radiation flux is shown in Figure 9 [Stevens and Schwartz, 
2012] for five different climate models. These models originated from the Community Climate 
System Model (CCSM) initiative, from the Geophysical Fluid Dynamics Laboratory (GFDL), 
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from the Model for Interdisciplinary Research on Climate (MIROC) initiative, from the Max 
Planck Institute (MPI) and from United Kingdom Meteorological Office (UKMO). 
 
Figure 9 Biases between five modeled and measured reflected shortwave radiation. Image 
from Stevens and Schwartz [2012]. 
On average, over all latitudes, all models represent the measured reflected radiation well 
(blue areas cancel red areas). However, all models show large errors at different latitudes with 
some biases greater than 10 W m
-2
. The main source of the inconsistency between models has 
been mainly attributed to the different model parameterizations of clouds [Stevens and Schwartz, 
2012] which are influenced by natural and anthropogenic emitted aerosol. A further important 
aspect is the understanding and model treatment of the evolution of emitted aerosol in the 
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atmosphere which determines its cloud activity. To date, aerosol direct and indirect RFs have 
been and remain the greatest sources of uncertainty for the interpretation of climate change of the 
past century and for future projections. Aerosol and cloud processes need to be represented more 
accurately in climate models so that models can be used to determine mitigation strategies and 
political action for reducing and minimizing the already evident effects of a changing planet on 
humanity.  
This dissertation aims to reduce the uncertainty of one specific aspect of the direct 
aerosol RF by performing laboratory measurements to study the optical properties as a function 
of RH of biomass pyrolysis related LAOC aerosol and its mixtures with ammonium sulfate 
((NH4)2SO4) and NaCl. Implications for climate forcing are not the main scope of this 
dissertation but will be estimated with a simple radiative transfer model that allows the 
determination of forcing per aerosol mass. 
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2. SCIENTIFIC BACKGROUND 
The following chapter offers an in-depth review of the theoretical aspects of this 
dissertation. Chapter 2.1 deals with aerosol interaction with water vapor, Chapter 2.2 discusses 
the aerosol interaction with solar radiation and Chapter 2.3 provides a literature review of the 
properties of LAOC. 
2.1 Aerosol Hygroscopic Properties 
Aerosol hygroscopic response to changes in RH is determined by the amount and nature 
of the hygroscopically active material present in the aerosol. Here an introduction to the classical 
theory of hygroscopicity and cloud physics is provided. Details about aerosol hygroscopicity and 
aerosol thermodynamics are provided by Pruppacher and Klett [2010]. 
2.1.1 Ideal Solutions (Raoult’s Law) 
The saturation vapor pressure of an aqueous solution (ex) is always lower than the 
saturation vapor pressure of pure water (es). Raoult’s law defines that the saturation vapor 
pressure of an ideal solution (ex) is a linear function of solute concentration (Equation 5).
 
x
w
s
e
x
e
           Equation 5 
The solute concentration is expressed in terms of the mole fraction of water (xw) 
w
w
w i
i
n
x
n n


         Equation 6, 
where nw is the number of water molecules and ni is the number of solute molecules or ions of 
type i. If the solution is in equilibrium and with the definition of RH in the previous Chapter 
1.2.1 (Equation 1) it can be stated that the liquid water content of an aerosol is in equilibrium 
with the surrounding water vapor and therefore it can be written that: 
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The underlying assumption of Equation 7 is that the transport from and to the particle 
does not affect the ambient water vapor content of the atmosphere and that the particle has a flat 
surface. The definition of the particle size growth factor f(RH)Dp is shown in Equation 8:
 
p wet
p
p dry
( )
( )
( )
D RH
f RH D
D RH
         Equation 8 
Equation 8 is the ratio of the diameters of a particle under humidified (RHwet) and under 
dry conditions (RHdry). From Equations 7 and 8 it can be concluded in simple terms that solute 
concentration and the particle size growth are directly linked and that the solute effect is 
responsible for the hygroscopic growth of an aerosol. Additionally, particle growth depends on 
the RH surrounding the particle and not on the surrounding partial water vapor pressure. 
2.1.2 Kelvin Effect and Köhler Equation 
Particle surfaces are typically curved, which alters the equilibrium energy between the 
water vapor and the aerosol water content. The equilibrium water pressure over a curved surface 
(eDp) is always larger than the corresponding vapor pressure over a flat surface e. This 
phenomenon can be explained by the interaction of the polar water molecules on the two 
surfaces; on a curved surface a water molecule has fewer neighbors and is therefore less bound to 
the surface and requires less energy to escape from that surface in comparison to a flat surface. 
The relative vapor pressure increase (U) of a droplet of diameter (Dp) is shown in Equation 9 
which is known as the Kelvin equation: 
p
p
4
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R
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U
e T D


 
    
 
        Equation 9 
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Here eDp is the vapor pressure over the curved surface, e is the vapor pressure over a flat surface, 
M is the molecular weight, σ is the surface tension and ρ is the density of the droplet. A 
combination of Raoult’s law (Equation 5) and the Kelvin effect (Equation 9) leads to the Köhler 
equation [Köhler, 1922]: 
p
w w
p
4
100 exp
R
De M
RH x U x
e T D


 
     
 
      Equation 10 
Equation 10 is valid for the entire RH range but is difficult to solve since xw, σ and ρ are 
also a function of particle size. The equation is widely applied at RHs near saturation for 
modeling cloud droplets, where it can be simplified because the solute is diluted by water. Such a 
system is modeled in Figure 10, which shows the equilibrium RH surrounding a NaCl particle 
with an initial dry diameter of 0.1 μm. The contribution of the Kelvin effect is indicated in the 
dashed blue line. The right vertical axis indicates the super-saturation (S) and the top horizontal 
axis shows the particle growth factor (f(RH)Dp) (Equation 9). 
 
Figure 10 Equilibrium RH and size of a NaCl particle with an initial dry diameter of 0.1 
μm modeled with Köhler theory. The contribution of the Kelvin effect is indicated in blue. 
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For small particles, the Kelvin effect increases the RH whereas the solute (Raoult) effect 
lowers it. At large sizes the droplet becomes dilute and the two terms converge (Dp > 2 μm). The 
peak S is called the critical super-saturation (Scrit) which has a corresponding critical RH (RHcrit), 
critical diameter (Dp,crit) and critical size growth factor (f(RH)Dp,crit). Solution droplets are stable 
as long as their RH is less than RHcrit but they start to grow at an unlimited rate as soon as the RH 
is greater than RHcrit. This process is called activation and the droplets formed are known as 
CCN. CCN activity is therefore determined by the initial dry diameter and the chemical 
composition of the particle. 
2.1.3 Non Ideal Solutions (Sub-Saturated RHs) 
Except when RH values are close to saturation, particles are concentrated solutions  
(xw < 1). Concentrated solutions typically behave non-ideally which means the volume of the 
solution is different than the sum of the individual solute and solvent volumes. Activity 
coefficients are introduced to correct for the deviation from ideality and Raoult’s law (Equation 
5) is modified to:
 
x
w w
s
e
x y
e
           Equation 11, 
where yw is the activity coefficient of water. Activity coefficients of substances can be greater or 
smaller than 1. Substances with similar functional groups have typically similar activity 
coefficients. A positive activity coefficient corresponds to a more volatile substance. 
Thermodynamic models based on this approach for pure and mixed inorganic aerosols are well 
developed, such as the Extended Aerosol Inorganics Models (AIM) [Clegg and Pitzer, 1994; 
Clegg et al., 1995; Pitzer and Simonson, 1986]. Semi-empirical models for the water interaction 
of organic and mixed organic aerosol have also been developed, such as the UNIversal 
Functional Activity Coefficient (UNIFAC) method [Fredenslund et al., 1975], which can predict 
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activity coefficients for complex solutions. This concept has been applied for organic aerosols 
[Hemming and Seinfeld, 2001; Saxena and Hildemann, 1997]. For inorganic and organic 
mixtures this concept has been taken further by combining separate inorganic/water and 
organic/water thermodynamic models and expressing the effects of the interactions between the 
inorganic and organic molecules [Abbatt et al., 2001; Ming and Russell, 2002; Tong et al., 2008]. 
A physical relationship which is embedded in these models and used extensively for predicting 
growth factors and activity coefficients of mixtures is the Zdanovski-Stokes-Robinson (ZSR) 
rule which is based on a volume additive scheme [Stokes and Robinson, 1966]. Equation 12 
shows how it can be applied to predict the growth factor of mixture f(RH)Dp,mix from the growth 
factors of individual mixture components f(RH)Dp,i and their volume fractions εi: 
3
3p p( ) ( ( ) )i i
i
f RH D f RH D         Equation 12 
The ZSR rule has been applied to provide estimates of activity coefficients and growth factors 
under sub- and super-saturated RH [Clegg et al., 2003; Hu and Wang, 1994]. 
2.1.4 Deliquescence and Metastable Aerosol 
Inorganic salts and certain organic compounds have an additional interesting 
thermodynamic behavior at sub-saturated RHs. A step-wise hygroscopic growth as shown in 
Figure 11 for an (NH4)2SO4 particle can occur. 
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Figure 11 Modeled hysteresis growth behavior of an (NH4)2SO4 particle under sub-
saturated RH. Diameter growth with increasing RH and deliquescence point (DRH) is 
indicated in red and with a solid line. Diameter shrinking with decreasing RH and 
crystallization (CRH) is indicated in blue. Metastable branch is indicated as a dashed line. 
The RH value at which the particle growth increases rapidly with small changes in RH is 
called deliquescence RH (DRH). The change in size at the DRH corresponds to a change in 
internal energy from the solid to the liquid phase, where the deliquescent material dissolves into 
a water droplet. Thereafter, for increasing RH, the droplet will continue to grow due to 
condensation of water vapor. With decreasing RH after deliquescence, the aqueous droplet that 
contains solute does not immediately crystallize and form a dry particle at DRH but rather stays 
as a metastable super-saturated droplet until the crystallization RH (CRH) [Tang, 1979]. 
Metastable droplets were first observed in the atmosphere by Rood et al. [1989] and have since 
been studied widely in the laboratory and field campaigns e.g. Carrico et al. [1998]. 
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2.2 Aerosol Optical Properties 
This section provides an introduction to the interaction of aerosol with solar radiation in 
the Mie regime [Mie, 1908]. In addition, the effect of RH on aerosol optical properties is 
discussed. 
2.2.1 Interaction of Aerosol with Solar Radiation 
The interaction of electromagnetic radiation such as light with an aerosol particle depends 
on four properties: the wavelength (λ) of the incident radiation, the diameter of the particle (Dp), 
the complex refractive index of the particle (m) and the particle shape. The radiation energy 
excites electrons at the surface of the particle which then either reradiate the energy at the same 
wavelength (scatter) or at a different wavelength (absorption followed by reemission). The 
absorbed electromagnetic energy is transformed into thermal or chemical energy. The refractive 
index shown in Equation 13 links the particle chemical composition to its scattering and 
absorption at a certain wavelength: 
m n ik            Equation 13 
The real part of the refractive index (n) describes the electromagnetic scattering characteristics 
of the material, whereas the imaginary part of the refractive index (k) describes the absorption 
characteristic of the particle. The combined effect of attenuation of incident light by scattering 
and absorption of a particle is called extinction. The ratio between scattering and extinction is 
known as single scattering albedo (ω).  
The scattering, absorption and extinction cross-sections (σsp, σap, σep, respectively) are 
theoretical areas (unit m
2
) which describe the likelihood of radiation being scattered, absorbed or 
attenuated by a particle. The dimensionless scattering-, absorption- and extinction- efficiencies 
(Qsp, Qap, Qep) are the scattering-, absorption- and extinction- cross-sections, respectively, 
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normalized by the dimensional cross-section of the particle (Qsp shown in Equation 14): 
2
4 sp
sp
p
Q
D


           Equation 14 
The relationships between the diameter of a theoretical spherical aerosol particle and its Qep, Qsp, 
Qap, ω and particle volume are shown in Figure 12. Additional parameters used to compute 
Figure 11 were an assumed complex refractive index of 1.55+0.05i and a λ of 550 nm. 
 
Figure 12 Optical properties vs. size for a theoretical spherical particle with an assumed 
complex refractive index of 1.55+0.05i at a wavelength of 550 nm. 
Figure 12 illustrates that for particles with diameters smaller than 1μm, scattering 
efficiency is a strong function of particle size, peaking approximately at the diameter which is 
equivalent to the incident wavelength. An oscillating behavior can be observed with additional 
harmonics at larger sizes. Extinction efficiency and single scattering albedo are dominated by the 
scattering efficiency and show a similar behavior for this particular case. Absorption efficiency 
on the other hand is a strong function of particle composition and particle volume for diameters 
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below 0.3 μm (indicated with the dashed box) because the larger the volume, the more absorbing 
material present in the particle. 
In practice, optical cross-sections and efficiencies of single particles are rarely measured 
directly. Typically, the optical properties of multiple aerosol particles suspended in a known 
volume of gas are measured as extinction coefficients, (bep) scattering coefficients (bsp) and 
absorption coefficients (bap). The measured bep, bsp, and bap are the optical cross-sections (σep, σsp, 
σap, respectively) multiplied by the number concentration of particles (N) in m
-3
 shown in 
Equation 15 for bsp: 
sp spb N           Equation 15 
The SI unit of the measured coefficients is inverse meters (m
-1
). Since N is dependent on 
ambient temperature and pressure, the measured optical coefficients are also dependent on those 
variables. Additionally the optical properties of the gas at the chosen wavelength need to be 
known. Instruments typically perform frequent zero-cycle measurements with filtered particle-
free air to account for the background air and changes in the background air for ambient aerosol. 
Optical properties are often normalized by mass. In theory the mass extinction cross-
section (MEC), mass scattering cross-section (MSC) and mass absorption cross-section (MAC) 
are the optical cross-sections (σep, σsp, σap) divided by the mass of the particle (mp) (Equation 16 
left side). Mass cross-sections have the unit m
2 
g
-1
. 
sp sp
p
b
MSC
m c

           Equation 16 
From measurements MSE, MSC and MAC are determined by dividing the measured 
optical coefficients (bep, bsp, bap) by the measured mass concentration (c) in g m
-3
, respectively 
(Equation 16 right side). 
34 
 
The Ångström exponent (å) measures the spectral dependence of optical properties 
assuming a logarithmic dependence with  [Angstrom, 1964]. For discrete 1 and 2, å is 
approximated by Equation 17. 
λ λ
1 2
1 2
log( / )
log(λ / λ )
å
 
           Equation 17 
Equation 17 is an empirical concept which allows estimates of aerosol optical properties at 
different wavelengths. Additionally the scattering Ångström exponent can provide information 
about the size distribution of the sampled aerosols [Charlson et al., 1967], whereas the 
absorption Ångström exponent can provide information about the absorbing material in the 
particle. 
2.2.2 Humidity Effects on Aerosol Optical Properties 
The changes in aerosol optical properties as a result of ambient RH can be explained as 
follows: first, water uptake changes the particle size (Chapter 1.2); second, the refractive index 
of the particle is altered with the increase in liquid water content; and third, Qep, Qsp, and Qap are 
changed due to both the change in size and change in refractive index. The change in particle 
size can either be predicted with thermodynamic models (Chapter 2.1) or measured. Numerous 
mixing rules have been suggested to calculate the refractive index of homogenously mixed 
aerosol particles, and there is ambiguity about which one should be used [Liu and Daum, 2008]. 
One mixing rule that has been frequently applied in aerosol studies, e.g. Hanel [1968], is the 
linear volume average (LVA) in which the effective refractive index is simply the mean volume 
refractive index shown in Equation 18 
m i i
i
n n           Equation 18, 
where nm and ni are the effective refractive index of the mixture and the refractive index of the i
th
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component, respectively, and εi is the volume fraction of the component i. Another mixing rule is 
the Partial Molar Refraction (PMR) mixing rule introduced by Rogers and Malik [1955] 
(Equation 19) in which the molar refraction of a mixture Rm is given by the average of the molar 
refraction of the individual components in the mixture weighted by their molar fraction 
m i i
i
R x R           Equation 19, 
where xi is the molar fraction and Ri the molar refraction of component i. The PMR mixing rule 
is widely used and was first applied to aerosol mixtures by Stelson and Seinfeld [1982]. Good 
agreement between measured and modeled refractive indices and scattering properties for 
inorganic and certain inorganic/ organic mixtures has also been observed [Wang and Rood, 
2008]. The PMR method has rarely been applied to model the imaginary part of the refractive 
index but some effort has been made for soluble absorbing compounds [Greenslade, 2006]. If the 
particle contains insoluble material, the modeling of the refractive index becomes more 
complicated since the particle material is inhomogenously distributed within the particle, which 
has implications for optical properties. 
Two models are currently used to derive the complex optical properties of 
inhomogenously mixed particles: the core-shell and the dynamic effective medium 
approximation (DEMA) models, illustrated in Figure 13. 
 
Figure 13 Conceptual overview of (a) the core-shell and (b) the DEMA model. 
The core-shell approach assumes that a single insoluble material core is surrounded by a 
soluble shell. This approach has been used extensively for the modeling of optical properties of 
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coated BC aerosols [Ackerman and Toon, 1981; Bond et al., 2006] and to verify measured 
optical properties [Lack and Cappa, 2010; Martins et al., 1998; Mikhailov et al., 2006; Moffet 
and Prather, 2009]. These studies typically analyzed the effects of specific amounts of inorganic 
and organic coated material onto BC but have not studied the effect of changing RH on these 
coatings. The DEMA approach differs from the core-shell approach in that it assumes multiple 
insoluble inclusions embedded in the soluble material, a composite media. The effective 
refractive index of DEMA can be retrieved by solving Equation 20 for the dielectric constant (ϵ) 
which corresponds to the refractive index squared (m
2
). 
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Equation 20 
The inputs to solve Equation 20 are: the volume fraction (V) and dielectric constant (ϵc) 
of the absorbing material, the dielectric constant of water (ϵw), the frequency of light (φ), the 
radius (r) and the number size distribution of the inclusions (n(r)dr). The last integral term 
accounts for the aggregate structure of absorbing inclusions. The DEMA approach has been 
applied in the modeling of cloud droplets [Chylek and Srivastava, 1983; Chylek et al., 1988; 
Jacobson, 2006; 2010; 2012] and also for studying the effects of BC on snow  [Flanner et al., 
2012]. 
Figure 14 illustrates the difference in optical properties for the homogenous internal 
mixture core-shell and DEMA model for a theoretical hygroscopic light absorbing particle 
modeled with Mie-Lorenz theory. Changes in optical properties in Figure 14 are expressed as 
optical growth factors, which are based on a similar concept as the size growth factor  
(Equation 8). The optical growth factor at a specific RH is defined as a measured optical 
property at that RH divided by the same optical property measured under dry (RH  < 15%) 
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conditions (Equation 21): 
sp Wet
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sp Dry
( )
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b RH
f RH b
b RH
         Equation 21 
Figure 14 compares the scattering and absorption coefficient growth factors (f(RH)bsp, 
f(RH)bap) of the LVA, core-shell and DEMA model as a function of size growth factor f(RH)Dp. 
The code of Mena et al. [2012] was used to determine the refractive indices for the DEMA 
calculations. The calculations were performed with a dry particle diameter of 100 nm and an 
assumed refractive index of 1.55+0.3i. 
 
Figure 14 Mie-Lorenz modeled scattering and absorption growth factor vs. hygroscopic 
size growth factor for a 100 nm particle with a refractive index of 1.55+0.3i. Three different 
particle refractive index models are tested: a dynamic effective medium approximation 
(DEMA), core-shell and a LVA. 
The configuration of the particle has a significant effect on the light scattering and 
absorption behavior of a particle (Figure 14). For the core-shell and DEMA configuration both 
scattering and absorption are increased with increasing aerosol water content. For an aerosol that 
consists of half water half aerosol by volume (size growth factor of 1.25), the absorption 
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increases by a factor of 2 for both models. The DEMA and core-shell models have almost 
identical scattering growth with water content but the DEMA model has greater absorption. For 
the internal homogenous mixture model, the scattering increases but the absorption shows a 
minimal increase with water content. For both the core-shell and DEMA models the absorption 
increase can be attributed to the lensing of the light towards the insoluble inclusions. In the LVA 
mixture configuration, the absorbing material is homogeneously distributed in the particle. 
Consequently, the water solubility of absorbing particle compounds and the particle 
configuration have significant impacts on the particle’s absorption properties under changing RH 
which can have implications for the RF. The scattering properties on the other hand are less 
affected by the particle configuration but an increase can be expected due to the increase in 
particle size with increasing RH. Purely water insoluble absorbing material would not attract any 
water. However, in the atmosphere water insoluble material is typically never pure and more 
water active material will condense on water insoluble with residence time in the atmosphere. 
Coatings of up to 150 nm in added diameter of soluble material onto water insoluble BC aerosols 
have been observed in the atmosphere for [Schwarz et al., 2008]. 
2.2.3 Observed Aerosol Optical Properties as a Function of RH 
Many field studies have examined and observed an increase in light scattering of aerosols 
with increasing RH values up to 85%. These include but are not limited to Covert et al. [1970] 
Carrico et al. [1998] and Zieger et al. [2010]. Detailed laboratory studies have also been 
conducted to analyze and quantify changes of scattering with RH for inorganic aerosols [Kus, 
2003; Tang and Munkelwitz, 1994] or organic/inorganic mixtures [Hansson et al., 1998]. The 
extinction dependence on RH values up to 85% has also been studied in the laboratory for lignin 
combustion aerosol [Beaver et al., 2008], (NH4)2SO4 aerosol mixed with dicarboxylic acids and 
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sugars, e.g. Garland et al. [2007], and for ambient aerosol [Langridge et al., 2012]. The studies 
find similar trends; scattering and extinction increase with RH and reach their maximum values 
at the highest RH and when the particles are composed of inorganic salts. 
Light absorption dependence on RH has been less frequently investigated; a decrease in 
the light absorption coefficient for RH values increasing above 70% was observed in ambient 
measurements with a photoacoustic spectrometer [Arnott et al., 2003] but this could have been 
caused by instrument artifacts, as discussed below. A decreasing absorption coefficient upon 
humidification was observed for wood smoke aerosols [Lewis et al., 2009] and was partly 
attributed to a morphological change in the aerosol upon humidification. Morphological change 
has been observed to affect optical properties of soot particles coated with sulfuric acid [Zhang et 
al., 2008], but in the range of 10 to 80% RH, an absorption cross-section increase of 1.5 times 
was observed. Increased light absorption by a factor of up to 3.5 in comparison to dry conditions 
was observed for hydrophilic soot water agglomerates under saturated water vapor conditions 
[Mikhailov et al., 2006]. An enhancement in absorption by mineral dust of up to 1.5 times the 
initial value at 80% RH was observed by Lack et al. [2009b]. 
The studies above described instrumental challenges in the measurement of light 
absorption under elevated RH conditions. Current filter-based light absorption measurement 
techniques such as the Particle Soot Absorption Photometer (PSAP) have artifacts such as 
responses to non-absorbing aerosol and show oscillatory behavior above 80% RH [Arnott et al., 
2003]. Photoacoustic ambient aerosol light absorption measurements have shown a decrease in 
the light absorption coefficient at RH values greater than 70%. Some of the laser energy could be 
consumed by mass transfer, evaporating part of the water-containing droplets and therefore 
lowering the apparent absorption signal by wet aerosols when compared with dry aerosols. This 
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phenomenon could explain the observed decrease in the photoacoustic signal [Arnott et al., 
2003]. The water vapor interference with the absorption signal has also been characterized and 
observed to decrease the absorption signal by up to 75% at 85% RH [Murphy, 2009]. 
2.3 Properties of Light Absorbing Organic Carbon (LAOC) Aerosol 
A large body of literature exists on the absorption of light by BC aerosol in the 
atmosphere, but the absorption of ultraviolet (UV) and visible light by certain OC (brown 
carbon) has become apparent [Gelencser et al., 2000; Kirchstetter et al., 2004; Moosmuller et al., 
2009]. This section provides an introduction to the nomenclature, sources and characteristics of 
LAOC aerosols with a special focus on their optical properties. 
2.3.1 Nomenclature and Sources 
Ambiguity exists about the nomenclature of carbon containing aerosol [Andreae and 
Gelencser, 2006; Bond and Bergstrom, 2006]. A chemical classification is the division of 
carbonaceous material into EC and OC, but the material called EC may not be purely elemental 
carbon (graphite). A definition based on optics classifies BC [Horvath, 1993] and brown carbon 
as separate from non-absorbing carbon. All EC is considered BC but because BC is defined by 
optical appearance, it can also contain other material. Brown carbon on the other hand is a subset 
of OC which absorbs light and is therefore also called LAOC. 
Biomass burning has been identified as the largest source of primary OC. Bond et al. 
[2004] estimated the global annual emissions of primary OC as 34 Tg (34 Million metric tons) in 
the year 2000. Of the total primary OC, the contribution of biofuel and open vegetative burning 
were 19% and 74% by emitted mass, respectively (Figure 15) 
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Figure 15 Global annual emissions of primary organic carbon aerosol by mass and sector 
[Bond et al., 2004]. 
Primary LAOC is formed in the beginning of biomass combustion events under fuel rich 
conditions and temperatures that allow the devolatilization of the biomass [Bond et al., 1999b; 
Mukai and Ambe, 1986]. Under these conditions semi-volatile organic compounds are generated 
inside the hot biomass, which escape out of the wood as gas. As the semi-volatile emissions 
dilute and cool, particles are formed through homogenous nucleation followed by coagulation 
and condensation [Fitzpatrick et al., 2007]. These particles are observed as the white to yellow 
smoke from burning biomass. At sufficiently high temperatures and depending on available 
oxygen the volatile material ignites and provides the fuel for flaming conditions which typically 
have lower OC but high BC emissions [Andreae and Merlet, 2001]. Devolatilization of organic 
material also occurs after the volatile matter has been consumed by flames, and the flux of 
combustible volatile emissions drops to the point where it is no longer able to sustain a flame or 
in situations where there is not enough oxygen [Evans and Milne, 1987]. As long as the biomass 
is hot enough to sustain internal pyrolysis, it continues to devolatilize, emitting semi-volatile 
organic compounds that form particles under ambient conditions. The formation of LAOC is 
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dependent on this biomass devolatilization process. The absorption of the OC aerosol formed is 
dependent on the temperature at which the devolatilization occurs [Chen and Bond, 2010] and on 
the residence time within the wood. Higher temperatures produce tar-like substances, which have 
a higher degree of aromatization and therefore these substances absorb more light [Andreae and 
Gelencser, 2006]. 
Another source of secondary LAOC aerosol has been identified as the oxidation of 
biogenic terpenes by ozone in the atmosphere [Limbeck et al., 2003] and the oxidation of 
biogenic organic gases in the presence of ammonia and ozone [Bones and Phillips, 2009]. 
Secondary LAOC produced by chemical reactions is not within the scope of this dissertation and 
will not be discussed in detail; instead, this work focuses on primary LAOC from biomass 
devolatilization during pyrolysis. 
2.3.2 Chemical and Physical Properties of Primary LAOC Aerosol 
The exact chemical identity of LAOC is complex. Nitrated and aromatic compounds 
were reported as likely absorbers by Jacobson [1999]. Different levels of aromatization were 
suggested by Bond [2001]. LAOC compounds were classified by Sun et al. [2007] based on 
water solubility. Key findings were that multifunctional oxygenated compounds could explain 
visible absorption by water-soluble, HUmic-LIke Substances (HULIS). Additionally water-
insoluble HULIS have been identified, which have a higher degree of polymerization and higher 
absorption than water-soluble HULIS [Sun et al., 2007]. LAOC aerosol mass collected on filters 
from oak pyrolysis under anoxic conditions at 270 ºC was found to be 70% water-soluble [Chen 
and Bond, 2010]; additionally, the solubility decreased with increasing pyrolysis temperature 
from 210 to 360 ºC. 
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Another important particle property, the density of dry wood smoke OC particles, ranges 
between 1.2 and 1.4 g cm
-3
 [Reid et al., 1998]. An OC density value in the same range (1.26 g 
cm
-3
) was also observed by Cross et al. [2007]. Suwannee River acid, a common surrogate for 
LAOC, has a density in the higher range of these values between 1.42 and 1.51 g cm
-3
 [Dinar et 
al., 2008]. 
Hygroscopic particle diameter growth factors of biomass burning aerosols as a function 
of RH have been measured for various types of woods and combustion conditions in the Fire Lab 
At Missoula Experiments (FLAME 1 and 2) [Carrico et al., 2010]. Size growth factors at 90% 
RH covered a wide range from 1.04 to 1.70 depending on wood type and burning conditions. For 
aerosols produced under smoldering conditions which mainly produce OC compounds, a growth 
factor of 1.25 at 90% RH was determined and aerosol hygroscopicity decreased with increasing 
ratios of total carbon to inorganic ions. 
2.3.3 Optical Properties of LAOC Aerosol 
LAOC aerosols have optical properties which make them distinguishable from other 
atmospheric constituents. As the name reveals they absorb light at visible wavelengths, but 
differently than other absorbing material in the atmosphere such as BC or mineral dust. As 
mentioned in Chapter 1.3 the absorption Ångström exponent (Equation 17) which is used to 
describe wavelength dependence of optical properties can be qualitatively linked to the chemical 
composition of the aerosol particle. The refractive index of BC is relatively independent of 
wavelength because it absorbs all light indiscriminately, resulting in an Ångström exponent of 1 
for particles smaller than 2.5 μm in diameter [Bergstrom, 1972]. For LAOC particles, the 
Ångström exponent was observed to be higher and wavelength dependence was observed with 
increasing absorption towards UV wavelengths. Typical Ångström exponent values range from 2 
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to 4 [Gelencser et al., 2003] and some observations have reported values as high as 6 or 7 
[Hoffer et al., 2006; Kirchstetter et al., 2004; Roden et al., 2006]. The higher values were 
attributed to the water-soluble fraction of LAOC [Kirchstetter et al., 2004]. As mentioned 
previously, the strength of light absorption for LAOC aerosol from biomass pyrolysis has been 
found to be related to the pyrolysis temperature [Chen and Bond, 2010]. Figure 16 shows their 
bulk absorption normalized by mass (α/ρ) measured from filter extracts for three different 
pyrolysis temperatures as a function of wavelength. 
 
Figure 16 Mass absorbance dependence on pyrolysis temperature and wavelength for oak 
pyrolysis aerosol observed by Chen and Bond [2010] by measuring filter extracts with a 
spectrophotometer. Dashed lines indicate signals in the range of the measurement detection 
limit. 
Figure 16 indicates a wavelength dependent absorption with absorption Ångström 
exponent values ranging from 6.6 to 8 for different pyrolysis temperatures. The highest mass 
absorbance is observed in in the UV wavelengths (λ < 420 nm). The mass absorbance strongly 
increases with pyrolysis temperature; for example, at λ = 460 nm (blue) the absorbance increased 
by a factor of 8 from 210 to 360 ºC. 
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In comparison to BC the absorption of LAOC at visible wavelengths is relatively weak. 
Table 3 provides literature values for refractive indices and MAC at λ = 530 nm for various types 
of LAOC. Except for the value determined by Alexander et al. [2008] most MAC values are an 
order of magnitude smaller than the MAC of actual BC particles of 7.5 m
2 
g
-1
 [Bond and 
Bergstrom, 2006]. 
Table 3 Literature values for refractive indices and MAC at λ = 530 nm of various types of 
LAOC. 
Type Author Year n
a 
k
b 
MAC
c
 (m
2
 g
-1
) 
HULIS Night Hoffer et al. 2006 1.685 0.002 0.031 
HULIS Day Hoffer et al. 2006 1.653 0.002 0.036 
Products of SOA-(NH4)2SO4 
Reactions 
Nguyen et al. 2012 
 
0.003 0.048 
Pyrolysis OC-Methanol 
Extract (360 ºC Pyrolysis 
Temperature) 
Chen and Bond 2010 
 
0.004 0.071 
Refractory OC from Biomass 
Burning 
Clarke et al. 2007 
 
0.005 0.095 
OC Kinne et al. 2003 1.53 0.006 0.114 
Smoldering Biomass OC Hungershöfer et al. 2007 1.56 0.010 0.191 
Biomass OC Methanol Extract Kirchstetter et al. 2004 
 
0.035 0.667 
Smoke HULIS Dinar et al. 2008 1.622 0.048 0.915 
Pollution HULIS Dinar et al. 2008 1.595 0.049 0.934 
Water Insoluble OC Sun et al. 2007 
 
0.055 1.049 
Products of SOA-Amine 
Reactions 
Zarzana et al. 2012 1.55 0.114 2.174 
Brown Carbon Alexander et al. 2008 1.67 0.270 5.148 
SOA refers to secondary organic light absorbing aerosol compounds
 
a
 Filter extract measurements can only determine k values 
b
 Unreported values were calculated from the MAC by assuming a density of 1.26 g cm
-3
 
c
 Unreported values were calculated from the k by assuming a density of 1.26 g cm
-3 
 
LAOC has a higher ω in the range of 0.92 to close to 0.99, whereas the ω of BC is in the range 
of 0.3 to 0.5. Despite their lower mass absorbance and higher ω, absorption by LAOC aerosols 
could still affect the atmospheric system. Short wavelengths are important for tropospheric 
photochemistry and at near-UV wavelengths, the absorption of LAOC on a global scale could be 
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higher than that of BC [Tsigaridis et al., 2006]. Also, by mass, there is much more LAOC in the 
atmosphere than BC. 
Few direct in situ measurements of the absorption of LAOC exist [Lack et al., 2012; 
Lang-Yona et al., 2009] and most were only performed at a single wavelength, so no spectral 
information was obtained. Most information on LAOC absorption has been derived from filter-
based measurements and spectroscopy of filter extracts [Chen and Bond, 2010; Kirchstetter and 
Thatcher, 2012; Kirchstetter et al., 2004]. Additional evidence for LAOC absorption in the 
atmosphere has been derived from spectral observations [Bergstrom et al., 2007], but no 
literature on the effect of RH on LAOC absorption exists. 
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3. RESEARCH OBJECTIVES AND SIGNIFICANCE 
3.1 Gaps of Knowledge Providing the Motivation for This Dissertation 
There are two key knowledge gaps which provide the motivation for this research: 
3.1.1 Limited Knowledge of the Properties of LAOC and of LAOC Mixtures 
An aspect of atmospheric aerosols that has not been thoroughly investigated is the 
properties of LAOC particles from biomass pyrolysis and their response to RH. While studies 
have analyzed hygroscopic diameter growth factors and humidified light scattering of biomass 
smoke [Carrico et al., 2010; Hand et al., 2010], few measurements of optical and hygroscopic 
properties exist for the isolated LAOC fraction of the biomass burning emissions. 
Inorganic NH4)2SO4 and NaCl affect the water content and optical properties of mixed 
organic/inorganic particles with increasing RH. No literature characterizing the effect of 
NH4)2SO4 and NaCl on LAOC hygroscopic and optical properties could be found. 
3.1.2 Limited Characterization of Particle Light Absorption Dependence on RH 
Although radiative-transfer models parameterize the changes in scattering with RH 
[Boucher and Anderson, 1995; Ghan and Zaveri, 2007], they frequently assume that RH has no 
effect on aerosol light absorption. Furthermore, instrumental challenges have hampered the 
investigation of light absorption under elevated RH conditions. 
 
The motivation for this dissertation is to fill these two knowledge gaps and provide 
measured optical properties for LAOC and LAOC mixed with inorganic salts and water at 
variable RH conditions. Of particular interest is the range of RH conditions between 85 and 95%, 
where particles start the transition between wet atmospheric particles and cloud droplets. 
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3.2 Objectives 
Based on the research motivation (Chapter 3.1), the following specific research 
objectives were defined: 
3.2.1 Assemble and benchmark analytical equipment to measure optical properties including 
light absorption as a function of RH up to 95% in a laboratory setting 
Justification: Equipment for the measurement of optical properties needs to be improved 
in the RH measurement ranges of validity. This wider range of RH is needed to assess aerosol 
optical properties across a range of atmospheric conditions.  
3.2.2 Measure light extinction, light scattering and light absorption of LAOC particles 
generated in the laboratory by wood pyrolysis under dry and humidified conditions 
Justification: LAOC particles emitted from biomass and biofuel burning are commonly 
observed in the atmosphere. Characterizing the optical properties of LAOC particles is critical 
for determining their role in visibility and the earth’s climate system. LAOC particle absorption 
has rarely been measured in situ and its response to changing RH conditions has not been 
characterized. 
3.2.3 Measure optical properties for LAOC particles generated by wood pyrolysis in the 
laboratory mixed with inorganic salts and water under dry and humidified conditions 
Justification: Aerosol particles mix and transform in the atmosphere. Inorganic species 
such as NH4)2SO4 and NaCl salts are important constituents of the atmosphere and have a 
significant effect on aerosol hygroscopicity. Optical properties, in particular light absorption of 
inorganic LAOC mixtures, have not been studied as a function of RH. 
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4. METHODS 
This chapter provides the methods and data analysis procedures used in this work. First, 
an overview of the approach and all the measurements is provided (Chapter 4.1) and the aerosol 
generation is discussed (Chapter 4.2); then, an overview of the instrumentation assembly is 
provided and its components are discussed in detail (Chapter 4.3 to 4.8). The two final sections 
cover the modeling of optical closure (4.9) and the evaluation of LAOC effects on radiative 
transfer and radiative forcing (4.10). 
4.1 Approach and Measured Properties 
Most experiments were performed as optical closure studies. The measured aerosol 
optical properties were compared to independently modeled results based on dry physical and 
chemical particle properties. The term “closure” refers to the agreement between the measured 
and modeled results and closure is achieved when the measured and modeled results agree within 
their pooled uncertainty. This approach provides validation of measurements with theory and 
also evaluates the correctness and sensitivity of different theories such as refractive index mixing 
rules. A conceptual overview of the optical closure approach is provided in Figure 17. 
 
Figure 17 Closure study approach (dashed measurements were not performed in all 
experiments). A scanning mobility particle sizer (SMPS) instrument measured the dry 
particle size distributions (PSD). A hygroscopic tandem differential mobility analyzer 
(HTDMA) instrument determined particle diameter growth factor (f(RH)Dp) values. 
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The laboratory aerosol particles were measured with two optical instruments: an 
extinction cell and a nephelometer that determined the light extinction coefficient (bep) and the 
scattering coefficient (bsp) under dry and humidified conditions, respectively. The light 
absorption coefficient (bap) was determined by the difference between bep and bsp. More detailed 
information about the optical instrumentation and the difference method is provided in Chapter 
4.5. The dry particle size distribution (PSD), measured with a scanning mobility particle sizer 
(SMPS, Chapter 4.6), was the main input for the optical closure modeling with Mie-Lorenz 
theory. The hygroscopic properties of nigrosin, LAOC and LAOC salt mixture particles could 
not be predicted with thermodynamic modeling; therefore, a hygroscopic tandem differential 
mobility analyzer (HTDMA, Chapter 4.7) was used to determine the diameter growth factor 
(f(RH)Dp). The carbon and inorganic mass content of LAOC was also studied by chemical 
analysis of collected filter mass (Chapter 4.8). 
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4.1.1 Overview of Measured Properties 
Table 4 provides an overview of all properties investigated, categorized into 
measurements, derived variables and offline measurements. 
Table 4 Overview of measured and derived properties. 
Measured Properties 
Property Description Equipment Comment 
bep Extinction Coefficient 
Short Path Extinction Cell 
(SPEC) 
λ = 467, 530, 660 nm 
< 98.5% RH 
bsp Scattering Coefficient 
Two TSI 3563 
Nephelometers
1 
λ = 470, 530, 660 nm1 
λ = 450, 550, 700 nm 
Dp Particle Size Distribution TSI 3936 SMPS (dry) 
RH Relative Humidity 
Two Vaisala HMP 233,  
Four Sensirion SHT 
Sensirion SHT in 
HTDMA 
T Temperature 
Four Thermocouple,  
Two Vaisala HMP 233,  
Four Sensirion SHT 
Sensirion SHT in 
HTDMA 
TDP Dew Point Temperature Three General Eastern M1 One in HTDMA 
f(RH)Dp Size Growth Factor HTDMA 
Dp(dry) = 100 or 200 
nm 
Derived Properties 
bap Absorption Coefficient Difference of bep and bsp λ = 467, 530, 660 nm 
ω Single Scattering Albedo Quotient of bap and bep λ = 467, 530, 660 nm 
f(RH)bep bep Growth Factor 
Quotient of bep(RH) and 
bep(dry RH) 
Dry typically below 8% 
RH otherwise stated 
f(RH)bsp bsp Growth Factor 
Quotient of bsp(RH) and 
bsp(dry RH) 
Dry typically below 8% 
RH otherwise stated 
f(RH)bap bap Growth Factor 
Quotient of bap(RH) and 
bap(dry RH) 
Dry typically below 8% 
RH otherwise stated 
κ 
Hygroscopicity 
Parameter 
From HTDMA Data 
Analysis 
 
Offline Measurements from Collected Aerosol Filter Mass 
COC/ EC 
OC and EC 
Concentration 
Sunset Laboratory OC/EC 
Analyzer 
Quartz Fiber Filter 
Cionic Ion Concentrations Various (see 2.8.2) Nylon Filter 
 
1 
Two nephelometers were used, but one instrument was modified to the wavelengths of 470, 530 
and 660 nm for a better comparison with the SPEC; additionally the lamp heating of this 
instrument was reduced to less than 0.5 °C for a better performance at high RH. Details can be 
found in Chapter 4.3.2. 
 
The detailed descriptions about the methods, measurements and data analysis to obtain 
these properties are the remaining focus of this chapter. 
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4.2 Aerosol Generation 
The optical properties of six types of aerosol were investigated in this project (Table 5).  
Table 5 Aerosol types, generation method and purpose. 
Aerosol Type Generation Method Purpose 
 (NH4)2SO4 poly-disperse Atomizer (TSI 3076) 
“White” benchmark for dry and 
humidified conditions 
Dyed polystyrene microspheres 
diameter = 327 nm 
Atomizer (TSI 3076) 
Absorbing benchmark for dry 
conditions 
Nigrosin (C48N9H51) 
poly-disperse 
Atomizer (TSI 3076) 
Absorbing benchmark for dry and 
humidified conditions 
LAOC (from wood pyrolysis) 
poly-disperse 
Temperature controlled 
pyrolysis reactor 
LAOC absorption under dry and 
humidified conditions 
LAOC mixed with (NH4)2SO4 
poly-disperse 
Pyrolysis reactor and 
Atomizer 
Absorption of LAOC mixture 
under dry and humidified 
conditions 
LAOC mixed with NaCl 
poly-disperse 
Pyrolysis reactor and 
Atomizer 
Absorption of LAOC mixture 
under dry and humidified 
conditions 
 
It was important to provide benchmarking for this instrumentation and compare results 
with known standards to evaluate the validity of the measurements because the optical 
instruments were built (extinction cell) and modified (nephelometer) for this project. The LAOC 
was generated with a temperature controlled wood pyrolysis reactor (Chapter 4.2.2). The LAOC 
mixed with inorganic (NH4)2SO4 and NaCl was generated primarily by coagulating the 
pyrolyzed LAOC aerosol with salt particles generated by an atomizer (Chapter 4.2.3). Besides 
coagulation, condensation of low volatile organic vapors onto the mixed aerosol likely occurred. 
4.2.1 Generation of Salt, Nigrosin and Microsphere Particles (Instrumentation Benchmarks) 
(NH4)2SO4 served as a non-absorbing instrumentation benchmark under both dry and 
humidified conditions for three purposes: first, for calibration of the extinction cell path length 
under non-absorbing conditions by comparing the measured extinction with the measured 
scattering; second, for determination of the absolute accuracy of the instrumentation in 
comparison to an optical model for dry (RH less than 10%) and humid conditions; and third, for 
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testing performance of the humidity measurement and control in the optical instrumentation. 
The accuracy of the dry light absorption determination was tested using mono-disperse dyed 
polystyrene microspheres (PSM, Thermo Scientific, XPR 1547) with a nominal diameter of 300 
nm. The optical properties of these and other absorbing PSM were independently characterized 
at the 532 nm wavelength [Lack et al., 2006; Lack et al., 2009a]. 
Nigrosin (Sigma Aldrich, N4754) dye aerosol was generated as an absorbing benchmark 
under dry and humidified conditions. Nigrosin has been used as an absorbing benchmark under 
dry conditions [Bond et al., 1999a; Lack et al., 2006; Lang-Yona et al., 2009; Sedlacek and Lee, 
2007]. For this work, the light absorption of nigrosin as a function of RH was investigated, 
because nigrosin is water-soluble.  
(NH4)2SO4, absorbing PSM and nigrosin aerosols were generated by atomizing bulk 
aqueous solutions containing these solutes with a constant output atomizer (TSI 3076). The 
atomizing pressure was set at 241 kPa (35 psig). Before dilution with particle-free dry air, the 
aerosol was dried with a custom silica gel diffusion dryer and charge neutralized with a custom 
neutralizer (BMI Inc.) containing four ionizer plates (500 μC each, Amstat Corp., Staticmaster 
2U500). The conditioned aerosol then entered a 20 L mixing chamber that stabilized 
concentration fluctuations. The aerosol then flowed into the instrumentation assembly (Chapter 
4.3) in a forced-draft configuration. 
4.2.2 Generation of LAOC Aerosol 
A temperature controlled wood pyrolysis reactor (Figure 18) was operated to generate 
primary LAOC aerosol. Nitrogen sheath flow was used to produce anoxic conditions in the 
reactor, as expected to occur in the middle of a wood piece [Evans and Milne, 1987]. These 
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conditions allow for pyrolysis that typically generates LAOC, while also preventing flaming and 
the production of elemental carbon.  
 
Figure 18 Generation of LAOC: (a) schematic of wood pyrolysis reactor, (b) actual setup in 
the laboratory, (c) oak wood block before (left) and after (right) pyrolysis event. 
This wood pyrolysis reactor (Figures 18a and 17b) has been previously used by 
Subramanian et al. [2007] and Chen and Bond [2010]. The only modification for this project 
was the installation of a proportional integral differential (PID) controller that allowed 
temperature control within 10 ˚C and operation of the reactor at higher temperatures. A custom 
annular dilution probe, connected directly to the sampling inlet above the wood pyrolysis reactor, 
diluted and cooled the aerosol immediately. Chen and Bond [2010] showed that pyrolysis 
temperature is more important for absorptive properties than wood type for oak and pine woods. 
Pyrolysis at 340 - 360 ˚C produced a greater mass fraction of organic aerosol that is less water-
soluble and more absorptive than aerosol produced at 210 ˚C. In this work organic carbon 
aerosol from red oak (Quercus rubra) pyrolyzed at 425 ˚C was investigated. The higher 
temperature in comparison to conditions used by Chen and Bond [2010] was chosen because it 
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was difficult to detect absorption at 360 ˚C with the in situ measurements in this work, which 
have a higher detection limit than the spectroscopy of integrated filter measurements by Chen 
and Bond [2010]. 
Individual 2 x 2 x 2 cm (length x width x height) wood blocks were pyrolyzed for 7 
minutes. The effect of the pyrolysis on the appearance of an oak wood block is shown in Figure 
17c before (left) and after (right) a pyrolysis event. The temperature in the reactor causes the 
volatile organic wood matter to gasify and leave behind a dark residual block of non-volatile 
matter which weighs 15 to 20% of the initial wood mass [Roden, 2008]. The generated aerosol 
was sampled from the reactor at 4 L min
-1
 (1013 mbar, 273.15 ºK ) and diluted with particle-free 
dry air to a 7:1 volume dilution ratio. The diluted aerosol was drawn into a 208 L stainless steel 
storage vessel that was initially purged with nitrogen. After the pyrolysis event the vessel was 
disconnected from the vacuum source and reconnected in a forced draft configuration to the 
instrumentation assembly (Chapter 4.3). The flow rate through the storage chamber into the 
instrumentation ranged from 1 to 4 L min
-1
 (1013 mbar, 273.15 K). 
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4.2.3 Generation of Inorganic Salt-LAOC Aerosol Mixtures 
Mixed aerosol was generated by coagulating and condensing the pyrolysis LAOC aerosol 
with (NH4)2SO4 and NaCl particles in the annular dilution probe (Figure 19). 
 
Figure 19 Generation of mixed LAOC aerosol. 
The wood pyrolysis reactor was operated as described in Chapter 4.2.2 to generate 
LAOC. The resulting LAOC aerosol was sampled at a flow rate of 3 L min
-1
 (actual conditions) 
above the pyrolysis reactor chimney (flow indicated in grey). (NH4)2SO4 and NaCl particles were 
generated with the constant output atomizer system described in Chapter 4.2.1. The inorganic 
aerosol flow was then dried and diluted and entered the mixing and dilution probe annularly at a 
90 degree angle to the LAOC aerosol flow (depicted as dashed black arrows in Figure 19). The 
mixed flow was drawn under turbulent conditions (Reynolds number = 6650) through the center 
of the dilution probe to the 208 L storage chamber. The inorganic mass fraction was controlled 
by setting the probe height (H) = 2, 3 or 4 cm above the pyrolysis reactor chimney so that it 
sampled a different LAOC aerosol inlet concentration. 
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4.3 Instrumentation Assembly 
A schematic overview and photograph of the instrumentation assembly are provided in 
Figures 20 and 21, respectively. 
 
Figure 20 Instrumentation assembly. 
Particles with an aerodynamic diameter greater than 500 nm were removed with a two 
stage impactor [Berner et al., 1979] before entering the instrumentation. The switchable high 
efficiency particulate air (HEPA) filter bypass allowed clean air cycles to determine background 
signals without particles. The connections indicated with dashed lines in Figure 20 varied with 
the type of experiment. Filters for offline analysis were only collected for LAOC and mixed 
LAOC aerosol experiments. The HTDMA instrument was used for nigrosin and the LAOC and 
mixed LAOC experiments for which the hygroscopic size growth factor had to be determined. 
The parallel TSI 3563 nephelometer was used for the LAOC and mixed LAOC experiments for 
which the concentration changed with time. 
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Figure 21 Photograph of instrumentation assembly. Arrows describe the direction of the 
aerosol flow. 
4.4 Relative Humidity Measurement and Control 
The RH in the optical instrumentation was controlled by maintaining a constant dry-bulb 
temperature as much as possible and controlling select dew point temperatures. The dew point 
was set by an annular humidifier which controls water vapor diffusion through a 19.05 mm ID 
tubular Gore Tex® membrane [Carrico et al., 1998]. A schematic of the membrane humidifier 
system is provided in Figure 22. A tubular stainless steel mesh supported the membrane on the 
aerosol flow side and minimized potential static charges induced by the airflow. The measured 
downstream RH is converted into an analog signal which is fed into a PID controller (Watlow, 
955A). The controller then switches a relay which controls the AC supply to the heating tape of 
the humidifier. The warmer the heating tape, the more heat is transferred into the circulating 
water surrounding the membrane. The higher the water temperature, the more water diffuses 
through the membrane into the airflow resulting in a higher downstream RH. 
Humidifier
Cooler
Dew Point Meters
Extinction Cell
Nephelometer
RH Control Box
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Figure 22 Schematic of the membrane humidifier system. A proportional integral 
differential (PID) controller controlled the water temperature based on the downstream 
RH measured and user set-point. 
The RH sensors included two capacitance-based RH devices (Vaisala, HMP 230) and 
two chilled mirror-based dew point hygrometers (General Eastern, Hygro M1). Four 
thermocouples (Omega, Inc.) for dry-bulb temperature measurements were distributed 
throughout the system in addition to the existing dry-bulb temperature measurements within the 
nephelometer (Tsample). A passive cooler was installed after the humidifier to reduce the 
difference in dry-bulb temperatures between the initially humidified sample flow and within the 
optical instrumentation. 
One RH and one dew point sensor were sent to their manufacturers for accredited 
calibrations. These sensors served as transfer calibration standards for the remaining two sensors 
which were calibrated in-house over five temperature controlled saturated salt solutions (K2CO3, 
NaCl, KCl, KNO3 and K2SO4) over a range of 43.2 to 97.4% RH (at 20 ºC). The temperature 
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calibrations of the thermocouples (Type K, Omega Inc.) were verified against a National 
Institute of Science and Technology (NIST) certified reference thermometer (Ebro Inc., TFX – 
430) with ice and boiling water. However, no adjustments were made since the measurements 
were within 0.15 ºC of the reference. The agreement of the calibrated humidity sensors was 
evaluated by placing them at their actual sampling location and varying the set-point of the 
humidifier (Chapter 5.1.3). 
4.5 Optical Measurements 
As discussed in Chapter 2.2.3 instrumental challenges have hindered the investigation of 
light absorption under elevated RH conditions. The approach chosen for this work was to 
measure light absorption by difference between light extinction and scattering (Equation 22). 
ap ep spb b b 
          
Equation 22 
This approach has been applied in field campaigns [Reid et al., 1998; Virkkula et al., 2005; 
Weiss, 1992], for laboratory studies [Khalizov et al., 2009; Mikhailov et al., 2006; Zhang et al., 
2008] and as a reference method for the calibration of filter based absorption measurements 
[Bond et al., 1999a; Weingartner et al., 2003]. Measurements with an extinction cell are an 
attractive alternative to other measurements because of the simple construction and the capacity 
to accommodate high relative humidities in situ. However, single path extinction cells have a 
limited sensitivity and require long optical path lengths for atmospheric applications. 
Furthermore, the difference method is prone to large uncertainties in the determined light 
absorption values, especially at high single scattering albedos [Sedlacek and Lee, 2007].  
The instrumentation developed in this dissertation is currently not suitable for typical 
ambient aerosol concentrations. This work takes advantage of the laboratory setting to study 
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aerosol properties under in situ conditions, where aerosols with reproducible composition and 
high concentrations can be generated under controlled conditions.  
This section provides information about the two optical instruments used for this 
dissertation project, the Short Path Extinction Cell (SPEC) in Chapter 4.5.1 and the nephelometer 
in Chapter 4.5.2. In addition, the data analysis of the optical measurements is discussed in 
Chapter 4.5.3. 
4.5.1 Extinction Measurements 
The SPEC (Figure 23) is a modular optical extinction cell based on the design of Virkkula 
et al. [2005] and initially developed by Scott Meyers as part of his M. S. thesis [Meyers, 2006] at 
the University of Illinois. The major change from the Virkkula design is the shorter physical path 
length of 1.25 m instead of 6.57 m which resulted in a sensing volume of 1.75 L instead of 22.4 
L and a more rigid vibration insensitive design (Figure 23). The smaller volume reduced the 
residence time of the sample in the cell, allowing better control of high RH conditions. Changes 
in the design from Meyers [2006] are a newly designed, improved optoelectronics assembly and 
mirror section. The aerosol section design was not altered besides widening the ID of the aerosol 
flow connectors from 9.5 mm (3/8”) to 19 mm (3/4”) to accommodate higher flow rates. 
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Figure 23 Short Path Extinction Cell (SPEC) overview: M is a silver plated mirror, L1 and 
L2 are achromatic lenses, BS is a beam splitter, PD are photo detectors, HD1 and HD2 are 
holographic diffusers, and LS is the light source. 
The optoelectronics assembly used the electronics hardware of a 3-λ Radiance Research 
Particle Soot Absorption Photometer (PSAP) which is able to detect 1 part in 10
6
 changes in light 
intensity by using integrated photon counts. The PSAP’s firmware programming was not 
modified for use in the SPEC, but the positioning of the signal photo-detector (PD) and reference 
PD were altered. The setup utilized the same PDs as the original PSAP electronics (Hamamatsu, 
S2387-66R). However, in the extinction cell, the PDs received light from a beam splitter (BS, 
Edmund Optics, NT 45-324). The PSAP light emitting diode (LED) assembly which emits 
pulsed light at blue (467 nm), green (530 nm) and red (660 nm) wavelengths was used as the 
light source (LS). The uniformity of light across the beam path was enhanced by two holographic 
diffusers (HD1, HD2, Edmund Optics, NT54-498, NT53-873) and an aperture. Dry HEPA-
filtered purge air at a flow rate of 0.3 L min
-1
 (1013 mbar, 273.15 ºK) kept the two achromatic 
lenses (L1, L2, Melles Griot, 01-LAO-238) clean from contamination. The purge air resulted in 
an effective reduction of the physical path length by 1.1 cm (0.8%) to an actual optical path 
length of 123.9 cm. The actual optical path length of the extinction cell was determined with 
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non-absorbing (NH4)2SO4 aerosol for which it was assumed that the scattering values measured 
with the nephelometer matched the corresponding extinction values. In addition, the lens purge 
air caused dilution of the downstream aerosol flow which was accounted for as explained in 
Chapter 4.5.2. The extinction coefficient at a specified wavelength was calculated from the 
actual optical path length and the ratio between the signal-detector photon count (N) for clean 
(zero) air before and after the sample period and for sample air when aerosol is present (Equation 
23). 
 
    
    
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ep
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1
- ln
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 

 
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 
     Equation 23 
The extinction sensitivity and detection limit were determined by recording the signal and 
reference PD counts under steady conditions for dry clean air, respectively. The uncertainties of 
the zero and sample period were added in quadrature to determine the uncertainty of the 
extinction [Bevington, 1969]. The extinction detection limit was three times the extinction 
uncertainty. 
4.5.2 Scattering Measurement 
The measurement of light scattering of gases and particles has been performed with 
nephelometry for more than half a century [Beuttell and Brewer, 1949; Charlson et al., 1967]. 
An integrating nephelometer has a cylindrical sensing volume through which the aerosol laden 
gas stream flows. An angular uniform (lambertian) light source, located in the cylinder wall, 
illuminates nearly the entire 180 ° of the sensing volume, but the actual amount varies by design 
of the nephelometer. An optical detector (typically a photomultiplier tube) is positioned at 90 ° to 
the light beam center angle but outside of the direct beam so that the light that reaches the 
detector is scattered either by particles or gases into the sensing volume. Similar to the extinction 
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cell, the nephelometer is zeroed with particle-free air so that scattering by gases and walls of the 
instrument can be subtracted from the actual aerosol measurement. 
A TSI 3563 nephelometer was modified for this research to measure light scattering and 
backscattering at three wavelengths (470, 530, and 660 nm). Under normal sampling conditions 
with the standard TSI design, heating caused by the halogen light source within the nephelometer 
can increase the airflow temperature as much as 4.5 ºC, thereby altering the RH in the 
nephelometer’s sample volume. Several modifications were employed to reduce this heating and 
optimize the instrument’s ability to measure light scattering at high RHs: 
1) Exchanged halogen lamp for a version with reduced wattage and thinner filament 
(General Electric, Q20MR16C/CG40˚). 
2) Installed a hot mirror (Edmund Optics, 46388) in front of the lamp to reduce thermal 
radiation into the sampling volume of the instrument. 
3) Separated electronics from the instrument body [Heintzenberg and Erfurt, 2000]. 
4) Increased lamp ventilation with external blowers and reduced power input to lamp 
[Carrico et al., 1998]. 
These modifications reduced the sample heating from the original 4.5 °C to 0.5 ± 0.1 °C, which 
made scattering measurements up to 95% RH possible. Observed nephelometer sample RH 
reductions due to the heating were 2.6% for an inlet RH of 80% and 3.2% for an inlet RH of 
95%. These sample RH reduction values were calculated from the dew point temperature and the 
nephelometer sample temperature as outlined in Chapter 4.5.2. In addition, the optical band pass 
filters in front of the photomultiplier tubes were exchanged with new filters with peak 
wavelengths of 470, 530, and 660 nm (Edmund Optics, NT-62). This modification allowed the 
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comparison between the scattering and extinction values without wavelength corrections to 
reduce uncertainty in the determination of light absorption by difference. 
The reduced lamp power and the hot mirror decreased the signal to noise ratio by three, 
which made the standard calibration with air and carbon dioxide (CO2) more challenging, 
especially at 660 nm. Therefore, longer calibration averaging times were chosen and sulfur 
hexafluoride (SF6, Matheson Inc., 99.95% purity) was used as the high span gas. Due to the 
change in wavelength, the Rayleigh scattering constants of air had to be changed in the firmware 
and calibration software for the modified instrument. Table 6 shows the Rayleigh scattering 
values (bsg) for the standard and modified instrument, which were determined according to the 
theory of Bodhaine [1979]. 
Table 6 Rayleigh scattering values at 273.15 ºC used in the calibration of the nephelometer. 
Wavelengths marked with stars correspond to firmware and calibration software values of 
the modified instrument. The ratios of the scattering of CO2 to air (2.61) and SF6 to air 
(6.74) remain constant over the entire spectrum and are used in the calibration software to 
determine the span. 
λ (nm) bsg Air (Mm
-1
) bsg CO2 (minus Air) (Mm
-1
) bsg SF6 (minus Air) (Mm
-1
) 
450 27.79 44.76 159.60 
470* 23.29 37.51 133.70 
530* 14.28 23.00 82.01 
550 12.29 19.80 70.60 
660* 5.88 9.47 33.76 
700 4.61 7.43 26.50 
 
The instrument calibration was verified by comparing Rayleigh scattering values measured for 
CO2 and SF6 with the values in Table 6 and in comparison to an unmodified nephelometer 
(Chapter 5.1.2). The scattering sensitivity and detection limit of the modified instrument were 
determined with clean air similarly to the method described by Anderson et al. [1996]. To 
account for scattering by water vapor and wall scattering at elevated RH values, background 
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scattering measurements were performed at 70 and 90% RH which corrected the background 
scattering signal by 0.7 and 1.5%, respectively [Carrico et al., 1998]. 
An additional unmodified nephelometer (TSI 3563) was operated in parallel to the 
sample flow (dashed line in Figure 20). This measurement was used to account for decreasing 
aerosol concentrations due to dilution of the storage chamber by the forced draft flow in the 
LAOC and LAOC mixing experiments. Additional discussion about the dilution correction is 
provided in the next section. 
4.5.3 Optical Instrument Data Corrections and Data Analysis 
4.5.3.1 Temperature and Pressure 
The extinction and scattering coefficients measured were corrected to standard laboratory 
temperature (298.15 K) and pressure (1013.15 mbar). Additionally, the scattering coefficient 
measured by the modified nephelometer downstream of the extinction cell was corrected for the 
dilution of the aerosol flow, QAerosol, caused by the lens purge flow of the extinction cell, QPurge, 
shown in Equation 24. 
Aerosol Purge
sp sp
Aerosol
Q Q
b b
Q
 
  
          
Equation 24 
4.5.3.2 Nephelometer Truncation Angle 
The nephelometer’s angular truncation was corrected for sub-micrometer diameter 
aerosol particles [Anderson and Ogren, 1998]. For nigrosin aerosol which has a single scattering 
albedo less than 0.9 [Sedlacek and Lee, 2007], the truncation correction approach of Bond et al. 
[2009] was followed; the correction was calculated with Mie-Lorenz theory based on the particle 
size distributions and refractive index (Chapter 4.9.3). 
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4.5.3.3 Nephelometer Sample RH 
Because of the slightly elevated temperature in the nephelometer, scattering was 
measured at a different RH than the rest of the system. The actual RH in the sensing volume of 
the nephelometer was calculated from the average of the two dew point temperature values 
measured upstream and downstream of the nephelometer (TDp,Ave) with the Tsample values 
provided by the nephelometer (Equation 25). 
Dp,Ave
w Dp,Ave
Sample
w Sample
exp
λ +
100
exp
λ +
T
T
RH
T
T
  
            
          
Equation 25 
In Equation 25, ϑ and λw are the values shown in Table 2 for the Magnus parameterization of the 
saturation vapor pressure as a function of temperature. This procedure was observed to be the 
most accurate to determine the RH within the nephelometer’s sensing volume due to sample 
heating within the nephelometer [Carrico et al., 1998; Kus et al., 2004]. The nephelometer RH 
uncertainty was determined to be ± 2% RH based on the uncertainties of TDp,Ave (± 0.1 ºC) and 
Tsample (± 0.2 ºC). The RH uncertainty in the extinction measurements was determined to be ± 2% 
RH by adding the manufacturer specified uncertainty range of the upstream and downstream 
Vaisala RH sensors (± 1.5% RH) in quadrature. 
4.5.3.4 Determination of Light Absorption and Single Scattering Albedo as a Function of RH 
The extinction measurements covered the entire range of RH values occurring within the 
nephelometer, but did not occur at exactly the same RH value due to the nephelometer heating. 
Therefore, the extinction coefficient that would have been measured at the RH within the 
nephelometer was inferred by using a cubic spline interpolation of RH values above and below 
the RH for the extinction cell (bep,int). The light absorption coefficient bap and ω at the RH of the 
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nephelometer were calculated from the interpolated extinction coefficient (Equations 26 and 27). 
     ap ep,int sp- b RH b RH b RH        Equation 26 
 
 
 
sp
ep,int
=
b RH
RH
b RH
          Equation 27 
The uncertainties for light absorption were calculated by adding the measured uncertainties of 
the extinction and scattering measurements in quadrature (Equation 28). 
       
2 2
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Equation 28 
The uncertainty of the ω was calculated with Equation 29. 
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Equation 29 
4.5.3.5 Concentration Correction (LAOC and LAOC mixtures) 
While the particle concentrations and size distributions of benchmarking experiments that 
used a constant output atomizer remained fairly constant with time, the LAOC and mixed LAOC 
concentrations in the storage vessel decreased exponentially with time as the stored sample was 
depleted, due to the makeup air that transported the sample into the optical instrumentation. To 
account for this change, the extinction and scattering were corrected by normalizing them to the 
dry scattering measured by an additional nephelometer in parallel to the humidified branch 
(Figure 20), before calculating the absorption and single scattering albedo. The humidified 
extinction and scattering at a specific RH were normalized by the ratio between the dry 
scattering (bsp, dry parallel nephelometer) and the lowest dry scattering measured by the parallel dry 
nephelometer during an experiment (min (bsp, dry parallel nephelometer)). Equation 30 shows the 
correction for the scattering coefficient. 
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Equation 30 
4.5.3.6 Determination of Optical Growth Factors 
The absolute measured optical properties of the (NH4)2SO4, LAOC and LAOC mixture 
experiments were normalized to produce optical growth factors as a function of RH as shown in 
Equation 31 for the light scattering coefficient. 
( )
( )
( 10%)
sp
sp
sp
b RH
f RH b
b RH


        Equation 31 
Optical growth factors as a function of RH have been used to compare and evaluate the effect of 
RH on different aerosol types, e.g. Randles et al. [2004] and Garland et al. [2007]. The 
comparison between normalized results can be affected by the dry particle size distribution 
because aerosol water uptake is dependent on dry size (Kelvin effect). In this work, the modeling 
of optical properties accounted for the changing size distribution, allowing a comparison 
between measured and modeled results. Because most LAOC and mixed LAOC particles have 
diameters greater than 100 nm the Kelvin effect is less than 2% and should not significantly 
affect the results. Therefore, a comparison of the optical growth factors between the experiments 
is assumed to be valid. 
4.6 Particle Sizing 
Accurate determination of the dry particles’ size distribution is critical for the evaluation 
of optical closure under dry and humidified condition. This section provides the instrumentation 
and methods which were used to measure the particle size distribution with an SMPS instrument. 
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4.6.1 Scanning Mobility Particle Sizer (SMPS) Instrument 
Aerosol size distributions were measured in parallel to the optical instrumentation with a 
SMPS (TSI Instruments, 3934). The SMPS operation principle is based on the mobility of 
charged particles in an electric field. Particles entering the system are neutralized using a 
radioactive Polonium 210 source (Amstat Corp., Staticmaster 2U500) such that they have a 
Fuchs equilibrium charge distribution [Fuchs, 1963]. The particles then enter a Differential 
Mobility Analyser (DMA, TSI 3071A) where the aerosol is classified according to electrical 
mobility, with only particles of a narrow range of mobility exiting through the output. The quasi 
mono-disperse particles then flow into a Condensation Particle Counter (CPC, TSI 3022A) 
which determines the number concentration at that size. The DMA consists of a cylinder, with a 
center electrode that has a controllable negative potential. The main flow through the DMA is a 
particle-free “sheath” air curtain through which positively charged particles migrate towards the 
center electrode. It is essential that this flow is laminar. Particles of a certain electrical mobility 
exit through the sample opening at the bottom center of the DMA, while all other particles are 
carried with the sheath air. The voltage of the center rod is scanned exponentially, allowing the 
measurement of different sizes. 
In this project the aerosol flow was at 0.3 L min
-1
 and the sheath flow was 2.4 L min
-1
 at 
actual laboratory conditions. The sheath air flow was HEPA-filtered, recirculated with a linear 
diaphragm pump (Model 3025, Thomas Inc.) and controlled with a mass flow controller (Alicat 
Scientific). Actual air flow rates were checked and adjusted by comparing them to a Primary 
Standard Airflow Calibrator (Gilian Gilibrator) for each experiment. The voltage up-scan time 
ranged between 120 and 300 s, whereas the down-scan time was set to 60 s. The delay time 
between the DMA and the CPC was set to 1.45 s. These settings allowed a sizing range of 
particle diameters between 14 and 820 nm. The delay time and sizing accuracy of the SMPS 
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system was evaluated by performing up- and down-scans for 200 ± 5 nm and 350 ± 6 nm mono-
disperse polystyrene latex (PSL) spheres (Thermo Scientific, 3200A/ 3350A). 
4.6.2 Scanning Mobility Particle Sizer Data Analysis 
The aerosol instrument manager software (AIM Version 9.0, TSI Inc.) was used to collect 
and process the data from the SMPS system. The embedded multiple particle charge correction 
inversion algorithm from the TSI aerosol instrument manager software was used to correct the 
instrument for multiply charged particles. The estimated contribution of singly and multiply 
charged particles to each SMPS size bin calculated based on the Boltzmann-Fuchs theory 
[Fuchs, 1963] is reported with all measured PSDs in the results. All particles besides NaCl and 
NaCl-LAOC mixtures particles were assumed to be spherical and therefore the determined 
electrical mobility diameter (Dpm) was assumed to be Dp. More about the treatment of the cubical 
NaCl and NaCl-LAOC mixtures is provided in Chapters 4.7.2 and 4.8.4. 
4.7 Determination of Hygroscopic Particle Diameter Growth Factor 
Research for measuring aerosol particle hygroscopicity with tandem differential mobility 
analyzers (TDMA) has been performed successfully for decades [McMurry and Stolzenburg, 
1989; Rader and McMurry, 1986; Swietlicki et al., 2000; Swietlicki et al., 2008]. This section 
explains the instrument used for this work and the analysis of the instrument data. 
4.7.1 Hygroscopic Tandem Differential Mobility Analyzer 
The HTDMA system used in this work is based on the design of Rader and McMurry 
[1986] and was originally assembled by Christoph Roden as part of his dissertation for the 
measurement of the hygroscopic properties of fresh and aged biomass combustion aerosol 
[Roden, 2008]. Various improvements have been performed on the system, including the 
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replacement of all RH/T sensors and replacement of the humidifier and data acquisition system. 
A photograph of the current HTDMA installation is shown in Figure 24. 
 
Figure 24 HTDMA System. 
A schematic overview of the current installation is provided in Figure 25. 
 
Figure 25 HTDMA system overview: red = aerosol flow, green = sheath air flow, blue = 
liquid water flow for the humidifier, WP = water pump, P1, P2 = sheath air pumps and V1, 
V2 = needle valves. 
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The poly-disperse aerosol flow indicated in red is first brought to a defined charge 
distribution with the same type of charge neutralizer as in the SMPS system that utilizes four 
radioactive ionizer plates with 500 μC each. A selector DMA (TSI 3071) is used to select a 
specific aerosol size from the distribution as the initial dry diameter. This dry diameter is then 
passed through the humidifier and measured by an SMPS system (TSI 3936) consisting of a 
DMA (TSI 3071) in combination with a CPC (TSI 3010) to determine the particle size growth. 
The residence time of the RH conditioned aerosol before entering the scanning DMA is 15 s 
which allows equilibration of the aerosol with RH [Duplissy et al., 2009]. The sheath air flows in 
both the selector and scanning DMAs, is recirculated by pumps (P1, P2, Model 3025, Thomas 
Inc.) and controlled by needle valves in combination with mass flow meters at a volumetric rate 
between 6 and 10 L min
-1
 (actual conditions). The only difference in the sheath flows between 
the two DMAs is the use of a PolyTetraFluoroEthylene (PTFE) filter in the scanning DMA in 
contrast to the standard glass fiber HEPA filter in the selecting DMA to avoid the uptake of 
water by the filter in the humidified air stream. The aerosol flow through the system is set by the 
critical orifice of the CPC to a volumetric flow of 0.968 L min
-1
 (actual conditions) as long as 50 
kPa (15” Hg) is provided at the CPC outlet. Actual air flow rates were checked by a Primary 
Standard Airflow Calibrator (Gilian Gilibrator) for each experiment. 
The humidifier used in the HTDMA is a smaller version of the system described in 
Chapter 4.4 in which the water surrounding the Gore Tex® membrane is recirculated by a 
peristaltic pump (WP, Model 500, Watson Marlow). The temperature and RH in the humidified 
DMA is monitored by three sensors (Sensirion, SHT 75) for which the location is indicated in 
Figure 25. An additional Sensirion RH/T sensor is used to monitor the inlet of the humidifier. 
The sensors were calibrated in a similar manner as the RH/T sensors for the optical 
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instrumentation. The result for the sensor calibration can be found in Chapter 5.1.3 for a range of 
RHs between 2 and 97.5%. 
The dry diameters selected were 100 and 200 nm depending on the dry particle size 
distribution. For the atomized benchmark aerosol types (NH4)2SO4 and nigrosin, 100 nm is 
above the count median diameter (CMD) of 60 nm of the measured size distribution. The 
selection of a larger diameter than the CMD of the dry PSD reduces the probability of selecting 
multiply charged particles. Since the particle concentration in the upper tail of the PSD 
decreases, few larger multiply charged particles are present in that tail that could have the same 
migration velocity as the selected diameter (see data inversion Chapter 4.7.2 and Chapter 5 for 
the results plotted for each aerosol type). Furthermore, the Kelvin effect is less pronounced for 
100 nm than for 60 nm particles. For the LAOC and mixed LAOC, 200 nm was chosen as a 
compromise between resolution and the reduction of the effect of multiply charged particles on 
the determined growth factor. The typical CMD of LAOC and mixed LAOC experiments ranged 
from 190 to 250 nm. 
The RH in the dry selector DMA was less than 10% for all experiments. The RH within 
the scanning DMA was calculated as the average of the three scanning DMA RH sensors for the 
scanning period (120 s). For the (NH4)2SO4 and nigrosin experiments RH was scanned in steps 
of 3 to 5% RH. For the LAOC and mixed LAOC experiments only 8 to 10 data points could be 
collected per experiment due to limited amount of stored aerosol and therefore emphasis was put 
on data collected in the higher RH range above 80%. The maximum RH possible before reaching 
unstable DMA conditions was determined to be 92.5%. Tests using particle-free air indicated 
CPC counts at RHs greater than 92.5% and DMA voltages greater than 8000. The exact reason 
for CPC counts under such conditions is not entirely clear but could be explained by water vapor 
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that interacts with the electrical field under such conditions. However, size growth factor 
measurements up to 95% RH have been performed previously with similar HTDMA 
instruments, e.g. Duplissy et al. [2009]. 
4.7.2 Hygroscopic Tandem Differential Mobility Analyzer Data Analysis 
Ideally, the size growth factor f(RH)Dp is the ratio of a “wet” diameter at a certain RH 
determined with the scanning DMA divided by the dry selected diameter from the dry selector 
DMA (Equation 8). Since selected particles are not perfectly mono-disperse and, for the LAOC 
salt mixtures, most likely not of uniform composition, some non-idealities arise with 
humidification that can be accounted for by using inversion software. The HTDMA data in this 
project were analyzed using TDMAinv, inversion software [Gysel et al., 2009]. This automated 
analysis package uses an inversion algorithm that fits a piecewise linear function to the diameter 
growth factor raw data for determining the f(RH)Dp with an uncertainty estimate. Still, certain 
non-idealities such as multiple charges or particle shape can affect this analysis, which is 
discussed in the following sections. Furthermore, the determination of a single hygroscopicity 
parameter κ [Petters and Kreidenweis, 2007] which is useful for modeling and results inter-
comparison is provided in the last section of this chapter. (NH4)2SO4 was used as a calibration 
aerosol to verify the performance of the HTDMA system. (NH4)2SO4 growth data are readily 
available in the literature, e.g., Tang [1997]. The performance test results are provided in Chapter 
5.2.1. 
4.7.2.1 Influence of Multiply Charged Particles on HTDMA Data Analysis 
As mentioned previously, larger particles that carry multiple charges can hamper the 
HTDMA data inversion. Assuming singly charged instead of multiply charged particles results in 
an underestimation of f(RH)Dp due to the difference in the Cunningham correction factors (Cc) of 
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large particles carrying multiple charges in comparison to the desired singly charged particles. 
Duplissy et al. [2009] observed that multiply charged particles have less than a 3% effect on 
f(RH)Dp as long as particles with the same charge make up more than 80% of the total particles 
at the selected dry diameter. For cases where less than 80% of the particles are singly charged a 
growth factor correction is recommended based on the single charge equivalent growth factor 
and the selected dry diameter (Figure 26). 
 
Figure 26 f(RH)Dp offset for doubly charged particles as a function of single charge 
equivalent at dry selector DMA diameter and f(RH)Dp. The corrected f(RH)Dp is 
determined by adding the offset to the single charge equivalent f(RH)Dp. Graphic adapted 
from Duplissy et al. [2009]. 
For this work, the approach by Duplissy et al. [2009] was followed and the fractions of 
singly and multiply charged particles were analyzed for the chosen dry selector DMA diameters 
and each size distribution. No correction of the growth factor for multiply charged particles was 
performed, when the fraction of singly charged particles was greater than 80% for the dry 
selector DMA diameter chosen. 
4.7.2.2 Effect of Non-Spherical Particles (NaCl-LAOC mixtures) 
All aerosol types besides the pure NaCl and NaCl-LAOC mixtures were assumed to be 
spherical; therefore, the mobility diameter determined by the DMA and SMPS system was 
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assumed to be equal to the volume equivalent diameter of a particle. Since dry NaCl particles 
and NaCl particle mixtures are non-spherical [Kelly and McMurry, 1992; Zelenyuk et al., 2008] 
the dry HTDMA retrieved Dpm was corrected to retrieve Dp using Equation 32 [Gysel et al., 
2002]. 
pm c p
p
c pm
( )
( )
D C D
D
C D

         
Equation 32 
χ is the dynamic shape factor which was set to be 1.08 for cubical particles [Hinds, 1982]. The 
corresponding Dp for the selected Dpm of 200 nm was calculated to be 190.2 nm which increased 
the determined f(RH)Dp for NaCl mixtures by 5.2%. 
4.7.2.3 Determination of Hygroscopicity Parameter κ 
The f(RH)Dp results were fitted using κ-Köhler theory [Petters and Kreidenweis, 2007] to 
obtain a continuous growth function which can be used to retrieve f(RH)Dp at any RH 
independently from the HTDMA measurement. For the LAOC mixture experiments the fitting 
was only performed for measurement values above the deliquescence RH, since the κ 
parameterization cannot capture the deliquescence. A constant κ for all RHs above deliquescence 
was used under the assumption that it adequately characterized all solute properties. A review of 
the κ parameter fitting procedure followed in this dissertation project is provided in Swietlicki et 
al. [2008]. 
4.8 Composition Analysis of LAOC and Mixed LAOC Aerosol 
Two parallel 47 mm filter holders (URG-2000-30RAF, URG Corp.) were used to collect 
filter samples for mass measurements of OC/EC, gravimetric mass and inorganic ions. A quartz 
fiber filter (Tissuquartz 2500, Pall Inc.) was used to collect aerosol for the OC/EC determination 
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whereas a nylon membrane filter (Nylasorb 66509, Pall Inc.) was used for the determination of 
inorganic ions and gravimetric mass. 
4.8.1 Thermo-Optical Analysis of Organic and Elemental Carbon 
OC and EC mass were analyzed with a Sunset Laboratory OC/EC Analyzer (Sunset 
Laboratory, Tigard, OR) using the thermal-optical-transmittance (TOT) method. The instrument 
was operated according to the procedure described in Subramanian et al. [2007] with a 
temperature profile based on NIOSH Method 5040 [NIOSH, 2003]. 
4.8.2 Gravimetric Mass and Inorganic Ions 
After the determination of the gravimetric mass with a microbalance (Model C31, Cahn 
Inc.), the mass on the nylon filter was dissolved with 50 ml of nano-pure water. The resulting 
solution was sonicated for 45 min to ensure that the collected ionic mass dissolved from the 
filter. The solutions were then filtered with a 0.45 μm Teflon membrane filter (Fluoropore, Pall 
Inc.) to prevent fouling in the ion chromatograph (ICS-2000, Dionex Inc.), which was used for 
the Cl
-
, SO4
-2
, NO3
-
 and Br
-
 anion analysis. Two samples for which the anionic concentration in 
solution was more than 5 ppmm were additionally diluted by a volume ratio of 10:1 to prevent 
saturation of the instrument’s detector. In addition to the anions, Ca2+, Mg2+, K+, and Na+ cations 
were analyzed by using an Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) instrument (Vista Pro, Varian Inc.). Furthermore, NH4 and PO4 concentrations were 
measured in pure LAOC by using colorimetry on a flow-injection analyzer (FIA) instrument 
(QuikChem 8500 Series 2, Lachat Inc.). The IC, ICP-OES and FIA instruments were located at 
the Illinois State Water Survey, Champaign, IL. 
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4.8.3 Filter Measurement Data Analysis 
The filter results were analyzed to obtain mass fractions (ϕi) of total gravimetric LAOC 
mass. The TOT method determines OC mass in terms of carbon neglecting the associated O and 
H mass present in primary organic mass (POM). Therefore, POM and its mass fraction (ϕPOM) 
were determined by assuming that POM balances the gravimetric mass (mgravimetric). The POM to 
OC mass ratio (POM/OC) was calculated according to Equation 33. The ionic mass (mionic) was 
assumed to be the sum of all ionic masses measured. 
gravimetric ionic
OC
/
m m
POM OC
m

        Equation 33 
The POM/OC value is included in the analysis of the carbon and inorganic mass content 
of the LAOC results (Table 10). For the analysis of the mixed aerosol the concentrations of SO4
-2
 
and Cl
-
 were used to calculate the salt mass of (NH4)2SO4 and NaCl present in the mixture based 
on the molecular weight ratios of SO4
-2
 to (NH4)2SO4, and Cl
-
 to NaCl, respectively. It was 
assumed that the additional SO4
-2
 and Cl
-
 to the background SO4
-2
 and Cl
-
 present in the pure 
LAOC could be attributed to the salts. 
4.9 Closure Modeling 
Modeling optical properties from the measured size distributions and known chemical 
properties of the particles allows an independent verification of the measured optical results. The 
modeling in this dissertation project, in particular the modeling of the refractive index as a 
function of RH and the optics, has been undertaken by PhD student Francisco Mena. This section 
provides an overview of the major steps involved. A conceptual overview of the modeling 
approach is shown in Figure 27. 
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Figure 27 Optical modeling and closure evaluation approach: blue = measured variables, 
green = model parameters, black = model and red = modeled variables. PSD = Particle size 
distribution. RI = Refractive index. 
In a first step, the f(RH)Dp determined by the HTDMA in combination with the dry PSD 
were used to determine the humidified PSD and aerosol water content at all RHs of the measured 
optical properties (Chapter 4.8.2). An additional analysis step was performed for the mixed 
LAOC experiments for which the measured f(RH)Dp of the mixed particles was modeled with 
ZSR mixing rule based on filter speciation (Chapter 4.8.1). The aerosol water content was used 
in combination with the dry refractive index of the aerosol to model the refractive index at humid 
conditions (Chapter 4.8.3). In a final step, the PSDs and refractive indices at humid conditions 
and the λs of the optical instrumentation (467, 530 and 660 nm) were used to calculate the optical 
properties with Mie-Lorenz theory (Chapter 4.8.4). 
4.9.1 Evaluation of Mixed Particle Diameter Growth Factor 
The measured f(RH)Dp values of the mixed LAOC particles were compared with modeled values 
determined by the ZSR mixing rule (Equation 12) using the volume fractions (εi) and the 
f(RH)Dp values of pure LAOC and pure (NH4)2SO4 or NaCl particles. εi of LAOC and the salts 
were determined from the measured filter mass fractions (ϕi) using the densities listed in Table 7. 
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The f(RH)Dp for pure LAOC was determined from κ-Köhler theory fit of the measured LAOC 
f(RH)Dp values whereas the f(RH)Dp values for the pure salts were taken from the model 
parameterizations of Tang [1997]. This approach is based on the assumption that the mixing 
components have additive volumes and do not interact [Moore and Raymond, 2008]. The results 
of this evaluation are discussed with the growth factor measurements of the mixed experiments 
in Chapter 5.4.3. 
4.9.2 Particle Size Distribution for Humid Conditions and Particle Water Content 
The particle size distributions for humid conditions and particle water content as a 
function of RH were calculated from the dry size distribution and the f(RH)Dp values assuming 
that all of the particles in each SMPS size bin grow equally and the dry aerosol particle number 
concentration is conserved under humidified conditions (assuming no coagulation or particle 
loss). Volume fraction of liquid water (εw) is also needed to determine refractive indices for the 
particles, which was calculated using the f(RH)Dp (Equation 34) based on the assumption of 
additive volumes. 
  3w p=( )f RH D
          Equation 34 
4.9.3 Refractive Indices for Dry and Humidified Conditions 
The modeling of optical properties requires the dry refractive indices of each aerosol 
components as well as the refractive index of their mixture with water at different RH conditions. 
Table 7 provides the dry refractive indices and densities. 
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Table 7 Dry refractive indices and densities of the different aerosol types investigated in 
this study. 
Species Density ρ (kg m-3) Refractive Index m = n+ik 
(NH4)2SO4 1769
a
 1.53+0.00i (All λ)a 
NaCl 2165
a
 1.54+0.00i (All λ)a 
Nigrosin 1400
b 
1.60+0.25i (λ = 467 nm)d 
1.60+0.40i (λ = 530 nm)d 
1.71+0.48i (λ = 660 nm)d 
LAOC 1260
c 
1.57+0.017i (λ = 467 nm)d 
1.57+0.010i (λ = 530 nm)d 
1.57+0.002i (λ = 660 nm)d 
a
Lide [2010], 
b
Merck [2008], 
c
Cross et al. [2009], 
d
Mena et al. [2012] 
The refractive indices for nigrosin in Table 7 are 5% lower for the real part, and 7% higher for 
the imaginary part in comparison to the value determined by Lack et al. [2006]. The imaginary 
refractive index for LAOC at 530 nm (0.010) is more than two times the value (0.004) reported 
by Chen and Bond [2010] but within the range of most measurements in Table 3 (Chapter 2.3.3). 
The refractive indices of the pure non-absorbing (NH4)2SO4 and NaCl particles were 
calculated using the model of Tang and Munkelwitz [1994], which is based on the Partial Molar 
Refraction (PMR) approach (Equation 19). The refractive indices of nigrosin, LAOC and mixed 
LAOC aerosol for which the optical properties have not been previously reported as a function of 
RH, were evaluated by Francisco Mena using six refractive index mixing models. In this 
dissertation, only results for the LVA mixing rule (Equation 18) and the DEMA model (Equation 
20) are provided. DEMA was also used to calculate the refractive indices of the salt-LAOC 
mixture particles under the assumption that the salt remains in the solid phase until its DRH and 
dissolves in water when RH is greater than DRH. The initial dry refractive index for the mixed 
LAOC particles was determined from an average of the dry refractive indices weighted by 
volume (Table 7). The volume fractions were determined by converting the measured filter mass 
fractions using the densities of the respective compounds (Table 7). 
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4.9.4 Modeling of Optical Properties with Mie-Lorenz Theory 
A computer program based on the Mie-Lorentz light scattering (BHMIE) code of Bohren 
and Huffman [1983] was used to calculate aerosol optical properties during both dry and 
humidified aerosol experiments. The inputs needed were λ, the PSD determined with the method 
described in 4.8.1 and the particle refractive indices for each λ (Chapter 4.8.2). The model 
returned values for bep, bsp, and bap and ω at different RHs, and with this information the optical 
growth factors for extinction scattering and absorption were calculated as described earlier in 
Chapter 4.5.3. 
For all NaCl-LAOC mixtures at dry conditions, modeled absolute bsp and bep values were 
on average 10.5 ± 4% lower than the measured results. This difference was attributed to particle 
shape and was corrected by empirically adjusting the dry modeled values to match the 
measurements before calculating the modeled optical growth factors. All measured and modeled 
absolute optical values and the effect of this correction are provided in Appendix E. Non-
spherical NaCl mixture particles have been observed to affect light scattering [Adachi et al., 
2011] with increased light scattering of up to 20% for non-spherical particles in comparison to 
spherical particles with equal volume[Freney et al., 2010]. 
Uncertainties of the modeled optical properties were estimated by propagating the 
uncertainties of the model input [Mena et al., 2012]. The relative uncertainty in the sizing 
measurement with the SMPS was assumed to be 5% in sizing and a Poisson uncertainty in the 
counting. The standard deviation provided by the TDMAinv software was taken as the uncertainty 
for f(RH)Dp. The uncertainty in the dry refractive index was assumed to be 2% based on a 
sensitivity analysis [Mena et al., 2012]. 
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4.10 Modeling of LAOC Impact on Atmospheric Radiative Transfer 
The impact of the LAOC optical properties determined was evaluated by modeling its 
simple forcing efficiency (4.10.1), its absorption optical depth (4.10.2) and its radiative forcing 
(4.10.3). 
4.10.1 Modeling of LAOC Simple Forcing Efficiency 
A simple two stream model, the simple forcing efficiency (SFE) approach [Bond and 
Bergstrom, 2006], was used to study the impact of LAOC on radiative transfer. The model 
evaluates the added energy to the atmospheric system per mass of particles (Equation 35). 
 
220
Atm C S S(1 ) 2 1 4
4
S
SFE F a MSC a MAC      
      Equation 35 
In Equation 32, S0 is the solar constant, τAtm is the transmittance of the atmosphere without the 
aerosol layer, FC is the cloud fraction, as is the albedo of the underlying surface, β is the fraction 
of up-scattered radiation of the aerosol and MSC and MAC are the mass scattering and mass 
absorption cross-sections of the aerosol (Chapter 2.2.1). Since most properties, in particular the 
solar constant and aerosol properties, are wavelength dependent, Equation 33 was solved per 
wavelength interval (Equation 36) and was then integrated over a spectrum ranging from 280 to 
1000 nm. It was assumed that the aerosol had little to no effects in the solar IR spectrum range 
greater than 1000 nm [Kiehl and Briegleb, 1993].
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 
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 
 Equation 36 
The solar spectrum and atmospheric transmission data were taken from American Society for 
Testing and Materials (ASTM, G173-03). The cloud fraction was assumed to be 0.6 [Charlson et 
al., 1991]. No spectral dependence was assumed for the surface albedo (aS) and two cases, the 
global average (0.2) [Goode et al., 2001] and fresh snow (0.85) [Grenfell et al., 1994] were 
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investigated. The albedo value of 0.85 represents a spectral average for wavelengths between 
300 nm and 1000 nm of measurements of fresh snow by Grenfell et al. [1994]. The β, MSC and 
MAC values were determined with Mie-Lorenz theory with the refractive index and density 
values listed in Table 7. The dry size distribution to determine these properties was taken from 
the SMPS measurement assuming that the dry size distribution in the ambient environment is 
similar to the one measured in the laboratory. Since the instrumentation used in this work 
determines optical properties at three visible wavelengths (467, 530 and 660 nm) the MSC and 
MAC in the UV to visible (280 to 467 nm) and visible to IR (660 to 1000 nm) range were 
determined by extrapolation. The values for β and MSC were extrapolated by assuming a 
constant real part (1.57) of the refractive index over the entire spectrum (280 to 1000 nm). Also, 
β was equal to the Mie-Lorenz theory determined backscatter fraction of the aerosol implying a 
solar zenith angle of 0 [Wiscombe and Grams, 1976]. For the MAC a constant Ångström 
exponent (Equation 17) determined from the measured values was used to extrapolate the optical 
properties over the whole spectral range. The theoretical framework developed in Chapter 4.9 in 
combination with the LAOC κ parameter determined by the HTDMA were used to calculate the 
MSC and MAC at each wavelength as a function of RH. The complex refractive index for water 
was taken from Segelstein [1981]. The impact of both homogeneously mixed particles using the 
LVA refractive index mixing rule and composite mixed particles using DEMA were modeled for 
RH values from 0 to 95% in steps of 5%. The MATLAB code programmed to perform all these 
calculations is provided in Appendix D. 
4.10.2 Estimation of LAOC Absorption Optical Depth 
The aerosol absorption optical depth (τap) was calculated for LAOC and BC by 
multiplying their total column burden and their MAC at 0 and 95% RH, respectively. In order to 
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represent atmospheric conditions, calculations were performed at the 550 nm wavelength which 
is in the range of peak solar irradiance. The global average column burden 0.25 mg m
-2
 [Schulz 
et al., 2006] was used for BC. This value represents an average determined by nine GCMs. The 
global average LAOC column burden was assumed to be 0.99 mg m
-2
 which represents 74% of 
the OC burden used by Schulz et al. [2006]. The value of 74% was chosen because biomass and 
biofuel burning emit 74% of all primary organic aerosol mass globally [Bond et al., 2004]. It was 
therefore surmised that all biomass and biofuel burning primary organic aerosol have a similar 
MAC and hygroscopic behavior as the one found for the LAOC from wood pyrolysis in this 
work. The same LAOC MAC values as for the SFE calculations (Chapter 4.10.2) were used at 0 
and 95% RH. The MAC value of 7.5 m
2
 g
-1
 [Bond and Bergstrom, 2006] was chosen for BC and 
the MAC was assumed to increase by a factor of 1.5 at 95% RH [Mikhailov et al., 2006]. 
4.10.3 Comparison of SFE and Radiative Forcing with Other Aerosol Types 
The top of the atmosphere direct RF was calculated by multiplying the global average 
column burden with the SFE. The RF was calculated for LAOC, OC, BC and sulfate and was 
evaluated for a global average surface and fresh snow albedo at 0 and 95% RH, respectively. The 
OC represented LAOC but was treated as non-absorbing (k = 0). Sulfate was assumed to have 
the hygroscopic and optical properties of (NH4)2SO4 for the computation of the SFE and RF. A 
similar assumption is often made in GCMs [Schulz et al., 2006; Textor et al., 2007]. The global 
average column burden of sulfate (2.12 mg m
-2
) was taken from Schulz et al. [2006]. 
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5. RESULTS AND DISCUSSION 
The results are presented in six sections: instrumentation performance and quality control 
(Chapter 5.1), benchmark testing (Chapter 5.2), LAOC from wood pyrolysis (Chapter 5.3), 
LAOC aerosol from wood pyrolysis mixed with (NH4)2SO4 and NaCl (Chapter 5.4) and the 
estimation of LAOC radiative forcing (Chapter 5.5). The final section (Chapter 5.6) discusses the 
atmospheric relevance and implications of the results. 
5.1 Instrumentation Performance and Quality Control 
5.1.1 Optical Instrumentation Sensitivity and Detection Limit 
The root mean square (RMS) noise values of the measured extinction and scattering 
coefficients of particle-free air as a function of wavelength and sample averaging time are shown 
in Figure 28. 
 
Figure 28 Root mean square (RMS) noise values for particle-free air extinction and 
scattering as a function of wavelength and sample averaging time for the extinction cell and 
the modified nephelometer, respectively. 
Between the averaging time of 4 and 120 s, the RMS noise of both instruments followed 
a white noise behavior and decreased linearly with the square root of integration time. The 
lowest noise for the extinction cell was reached after an averaging time of 120 s to 300 s, after 
which the noise began to increase due to low frequency drift. The main cause of the drift was 
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temperature fluctuations that affect the stability of the signal and reference PDs. The lowest 
RMS noise level for the extinction coefficient was observed to be 19.1 Mm
-1
 (467 nm),  
21.5 Mm
-1
 (530 nm) and 35.1 Mm
-1
 (660 nm) at an averaging time of 256 s. At the same 
averaging time, these values corresponded to an extinction detection limit of 57.3 Mm
-1
  
(467 nm), 64.5 Mm
-1
 (530 nm) and 105 Mm
-1
 (660 nm) with a detection limit to RMS noise ratio 
of 3. The RMS noise and detection limits of the modified TSI nephelometer did not show a drift 
with time after 300 s and the nephelometer’s noise levels stabilized at 0.58 Mm-1 (470 nm),  
0.27 Mm
-1
 (530 nm) and 2.5 Mm
-1
 (660 nm) at an averaging time of 128 s. 
5.1.2 Modified Nephelometer Calibration and Performance 
The nephelometer calibration was checked by measuring the Rayleigh scattering of the 
calibration gases air, CO2 and SF6 and comparing the measured values with theoretical values 
(Figure 29a). In addition, the performance of the modified instrument was evaluated by 
comparing the measured particle light scattering coefficient for (NH4)2SO4 aerosol with 
wavelength-adjusted values from an unmodified nephelometer (Figure 29b). Figure 29a shows 
the measured Rayleigh scattering values for air (used as zero), and CO2 and SF6 (used as spans). 
The horizontal bars are the wavelength uncertainties of the band pass filters reported by the 
vendor, and the vertical bars correspond to the standard deviations of the measured scattering 
values from a 120 s sample period. Both the standard and modified instruments agreed well with 
the theoretical values obtained by Bodhaine [1979] which are indicated by dashed lines for each 
gas. 
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Figure 29 Evaluation of the optical modified and temperature controlled nephelometer. (a) 
Measured Rayleigh scattering values for the calibration gases air (zero), CO2 and SF6 for 
standard TSI 3563 nephelometer (circles) and modified TSI 3563 (squares). Dashed lines 
indicate theoretical values. (b) Comparison of scattering values from the modified 
nephelometer and the wavelength interpolated unmodified nephelometer determined with 
(NH4)2SO4 aerosol at different aerosol concentrations. The dashed line indicates ideal 
correlation. For all three wavelengths, the instruments differed less than 1.5%. 
Figure 29b shows the agreement of the modified nephelometer with the wavelength-
corrected unmodified instrument for different (NH4)2SO4 aerosol concentrations. The scattering 
coefficients measured at 450, 550 and 700 nm were interpolated to the wavelengths of the 
modified instrument (470, 530 and 660 nm) assuming a constant Ångström exponent within the 
wavelength intervals. The vertical and horizontal bars indicate the standard deviations measured 
for a 120 s sample averaging time. The bars in the horizontal direction include interpolation 
uncertainty values of 1.8% (470 nm), 1.5% (530 nm) and 1.1% (660 nm) from Virkkula et al. 
[2005] in addition to the measured standard deviation of the sample. The instruments showed an 
excellent linear agreement with a maximum deviation of 1.4% at 530 nm, which is within the 
uncertainty of the wavelength interpolation. It can be concluded that the modifications to the 
nephelometer did not reduce the accuracy of its scattering measurement. 
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5.1.3 RH Sensor Calibration and Performance 
The accurate determination of RH at multiple points within the instrumentation is critical 
to ensure that different measurement techniques measure the aerosol under the same conditions. 
This section provides the calibration results for the sensors in the optical instrumentation and the 
HTDMA. 
5.1.3.1 Optical Instrumentation RH Sensors 
Figure 30 compares the RH values from sensors placed in the optical instrumentation at 
different controller set points, which are indicated with a dashed line. The whiskers show the 
minimum and maximum values, the box indicates the lower and upper quartiles and the 
arithmetic mean value is given as a small solid circle. 
 
Figure 30 RH sensor agreement at RH set point values of: (a) 34% RH, (b) 50% RH, (c) 
90% RH and (d) 97.5% RH. V1 and V2 are the capacitive-based RH values. DP1 and DP2 
are the dew point based RH values calculated with co-located dry-bulb temperature 
measurements. 
The RH values for the dew point sensors (DP1 and DP2) were determined by using the 
co-located dry-bulb temperature measurements. The data were from sampling periods of 180 s 
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after equilibration following each humidity change. The sampling system reached stable RH 
equilibrium in less than 45 s for RH values below 85% and up to 180 s for RH values of 90 and 
97.5%. All sensors showed an agreement within their manufacturer specified range of ± 1.5% 
RH for all measurements and the arithmetic mean values all agreed within 1.7% RH. The largest 
discrepancy was observed for the highest RH set point which can be attributed to several reasons, 
including small temperature gradients between sensor locations and issues with sensor 
technology at high RH values. The polymers in capacitance based measurements become water 
saturated [Chen and Lu, 2005] and the uncertainty in the calculated RH values from the dew 
point sensors becomes larger [Gates, 1994]. 
5.1.3.2 HTDMA RH Sensors 
The agreement of HTDMA RH sensors with the arithmetic mean value of the two NIST 
accredited sensors is shown in Figure 31a for RH values between 2 and 97.5%. Figure 31b shows 
the residuals of the individual sensors to the accredited standard since there is almost no 
observable difference between the measured and reference RH values (Figure 30a). 
 
 
Figure 31 Performance of HTDMA RH sensors after sensor calibration in relation to the 
reference RH measured by sensors calibrated according to NIST: (a) comparison of 
absolute values with the ideal correlation indicated by the dashed line; (b) residuals 
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The residuals shown in Figure 31b indicate a good agreement of the sensors within 1% 
RH of the reference values. There was some calibration error dependency observable with 
increasing RH. At 97.5% accredited reference RH the HTDMA sensors measured up to 0.8% 
higher than the reference sensor. This discrepancy can be attributed to similar reasons as 
mentioned above for the capacitance based sensors at high RH. This inter-comparison was not a 
measure of absolute accuracy since the accredited reference RH is uncertain within a range of  
± 1.5% RH for RH values between 10 and 90% and ± 2.5% RH for sub-saturated RH values 
outside of 10 and 90% RH. Therefore, an additional benchmark of the HTDMA system with an 
aerosol of known hygroscopic properties (as described in Chapter 5.2.1.6) was essential to verify 
the performance of the system. 
5.1.4 Particle Sizing 
The SMPS instrument sizing accuracy was checked with mono-disperse PSL spheres of 
known size. Figure 32 shows the calibration results obtained for the 200 nm and 350 nm spheres. 
The grey zone in Figures 32a and 32b indicates the uncertainty (standard deviation) of the 
nominal diameter of the PSL spheres, and the red lines correspond to the measurement with the 
SMPS applying the multiple charge inversion algorithm (solid line) and without it (dashed line). 
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Figure 32 SMPS sizing calibration results for (a) 200 nm and (b) 350 nm PSL spheres. The 
nominal diameter of the spheres with its uncertainty is indicated as the grey range in both 
plots. The effect of the multiple charge correction is also indicated in the plot. 
Both plots indicate an accurate sizing performance of the SMPS system; the calculated 
geometric mean of the measured data agreed within 3.5% with the nominal diameter at both 200 
and 350 nm. Even though the calibration spheres were mono-disperse (coefficient of variation 
less than 3%), the measured results have a more poly-disperse nature. This is caused by the fact 
that the transfer function of the instruments broadened with increasing size which caused a lower 
resolution (precision). However, the sizing accuracy of the system was still according to 
instrument specifications. 
5.2 Instrumentation Benchmark Tests 
While the primary purpose of this work was to examine absorption by organic and mixed 
organic matter at high RHs, benchmarking was necessary to provide confidence in the 
instrumentation developed. 
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5.2.1 Ammonium Sulfate 
Well researched optical and thermodynamic properties make (NH4)2SO4 an ideal 
benchmarking compound for the optical measurements for dry and humidified conditions so that 
the performance of the HTDMA system can be evaluated. 
5.2.1.1 Dry Size Distribution 
A dry (NH4)2SO4 PSD measured with the SMPS is shown in Figure 33. All (NH4)2SO4 
PSDs were lognormal with a CMD in the range of 40 to 60 nm and geometric standard 
deviations (GSDs) of 1.6. Aerosol concentration levels were set by changing dilution flow rather 
than atomizer settings. This resulted in constant size distributions with varying concentrations. 
 
Figure 33 Multiple charge corrected dry particle size distribution of atomized (NH4)2SO4. 
Blue lines indicate predicted fractions of singly and multiply charged particles present at 
each instrument diameter bin before the multiple charge correction software inversion was 
applied. 
Most of the generated (NH4)2SO4 particles carried either no charge or a single charge for 
the PSD shown in Figure 33. The highest fraction of multiply charged particles (10.8%) was 
observed at a diameter of 120 nm. For the HTDMA measurement at 100 nm (NH4)2SO4 particles 
were selected. Since the fraction of multiply charged particles at this size was lower than the 
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critical 20% [Duplissy et al., 2009], no correction for multiply charged particles on the measured 
f(RH)Dp values was necessary. 
5.2.1.2 Optical Measurements 
As previously mentioned, (NH4)2SO4 was used as a non-absorbing benchmark to verify 
the agreement between light scattering and extinction. Additionally, this benchmark allowed an 
evaluation of optical closure. 
5.2.1.3 Dry Scattering and Extinction Agreement 
Ideally, the measured extinction values equal the measured scattering values for non-
absorbing (NH4)2SO4. In this work, the following factors could have led to a mismatch between 
measured extinction and scattering: uncertain path length of the SPEC, uncertain alignment of 
the SPEC light source (LEDs at each wavelength did not have identical locations and therefore 
were not at the same focal point), uncertainties in wavelengths of both instruments and multiple 
scattering. The measured extinction coefficients were corrected to the measured scattering 
coefficients by correction factors determined by linear regressions. The regression coefficients to 
determine the corrected extinction values (bep,corrected) based on measured scattering values 
(bsp,measured) for 21 aerosol concentrations ranging from 400 to 3,000 Mm
-1
 at three wavelengths 
are provided in Table 8. 
Table 8 Linear regression coefficients obtained for a regression between the measured 
scattering and measured extinction for dry (NH4)2SO4 to obtain correction factors for non-
idealities in the extinction cell. All R
2
 values for the regressions were greater than 0.99 and 
the regression equation was bep,corrected = bsp = Intercept + Slope × bep,measured. 
 λ = 467 nm λ = 530 nm λ = 660 nm 
 Slope Intercept Slope Intercept Slope Intercept 
bep, corrected 
(Mm
-1
) 
0.987 ± 
0.011 
- 4.989 ± 
24.116 
1.012 ± 
0.011 
- 6.176 ± 
22.034 
1.031 ± 
0.0481 
- 14.886 ± 
21.396 
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The regression coefficients for matching the measured extinction values with the 
measured scattering values showed slight wavelength dependence and offset, but the intercept 
values were within the noise of the instrument. The deviation from the ideal slope of unity at 
different wavelengths can be attributed to the uncertainties listed previously. The effect of 
multiple scattering was calculated to affect the extinction and scattering coefficients less than 
1.5% at 3000 Mm
-1
 (Appendix F) and no correction was applied for both instruments. The 
multiple scattering affects the SPEC and nephelometer in a similar manner causing positive bias 
of different magnitude in both extinction and scattering. The performed regression corrects for 
the different magnitude of this bias. All measured extinction results were corrected with the 
regression coefficients in Table 8, which means that the absolute accuracy of the extinction 
measurements are related to the accuracy of the nephelometer. 
5.2.1.4 Dry Optical Closure with Mie-Lorenz Model 
The measured scattering values were compared with Mie-Lorenz modeled values based 
on the particle size distributions to verify the accuracy of the scattering measurement (optical 
closure). A linear regression between the measured and modeled scattering values for 21 
(NH4)2SO4 aerosol concentrations ranging from 400 to 3,000 Mm
-1
 is shown in Table 9. 
Table 9 Linear regression coefficients from comparison between the modeled and 
measured scattering (bsp,model = Intercept + Slope × bsp,measured) of dry (NH4)2SO4. All R
2
 
values for these regressions were greater than 0.99. 
 
λ = 467 nm λ = 530 nm λ = 660 nm 
Slope Intercept Slope Intercept Slope Intercept 
bsp,model 
(Mm
-1
) 
0.985 ± 
0.012 
- 10.664 ± 
23.793 
1.027 ± 
0.016 
- 12.831 ± 
22.295 
1.061 ± 
0.078 
- 22.310 ± 
30.876 
Modeled and measured scattering matched with a maximum deviation (over prediction of 
true value) of 6% at 660 nm. This agreement is comparable to other (NH4)2SO4 closure studies 
for inorganic aerosols under dry conditions [Anderson et al., 1996]. 
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5.2.1.5 Optical Properties and Closure as a Function of RH 
Figure 34 shows humidograms of scattering and extinction coefficients at a range of 
humidities for (NH4)2SO4 for all three wavelengths. Experimental values are presented as 
symbols. Modeled values with their uncertainties are shown as solid and dashed lines, 
respectively. The abrupt increase in scattering and extinction values is attributable to 
deliquescence of the aerosol. This appears to occur at lower RH values for scattering in 
comparison to extinction and theoretical values. This reduction in the apparent deliquescence 
values was caused by the heating of the nephelometer. For a RH range of 3.5%, particles 
deliquesced upstream of the nephelometer and then lost water due to reduced RH conditions 
within the nephelometer’s sensing volume. The particles remained as droplets in a metastable 
state and made it appear that deliquescence occurs at RH values below the thermodynamic value 
reported for (NH4)2SO4 of 80% RH. 
 
Figure 34 Measured bsp and bep coefficients for (NH4)2SO4 aerosol as a function of RH. 
Experimental values are presented as symbols. Modeled values and their uncertainties are 
indicated as solid and dashed lines, respectively. 
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The instrumentation measured light extinction at RHs up to 98.5% and there was good 
agreement with the modeled scattering values up to 95% RH. The maximum RH of the scattering 
measurement (95%) is lower than that of the extinction due to the heating in the nephelometer. 
The measured extinction is lower than the modeled results at RHs greater than 95% RH. An 
extinction correction for multiple scattering (as discussed previously) would reduce the 
measurements even further and is therefore not an explanation for the mismatch. The most 
probable explanation is the loss of large (NH4)2SO4 droplets in the cooler after the humidifier at 
RH values higher than 95%. These droplets have a profound effect on extinction and scattering; 
for example, if a particle loss of 3% is assumed for particles greater than 250 nm in the PSD 
shown in Figure 33, the extinction and scattering at 98% RH would be reduced by 13% at the 
530 nm wavelength. The extinction and scattering measurements agreed well for RHs lower than 
95%, indicating no significant particle losses between the extinction cell and the nephelometer. 
Therefore, particle losses may affect the model-measurement comparison and the apparent 
growth factor, but not the ability to measure single-scattering albedo values up to 95% RH. 
5.2.1.6 HTDMA Performance Evaluation 
Figure 35 shows the measured size growth factor data as a function of RH for (NH4)2SO4 
particles with a dry selected diameter of 100 nm. The red and blue lines represent the modeled 
values by a full Köhler model [Köhler, 1922] and the model proposed by Tang [1996], 
respectively. The vertical bars describe the uncertainties provided by the TDMAinv software, 
whereas the horizontal bars represent the range of RH values measured by the three RH sensors 
within the HTDMA. The modeled values are well within the uncertainties of the measured data 
indicating good HTDMA system performance in terms of absolute accuracy. 
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Figure 35 Evaluation of the HTDMA performance with 100 nm (NH4)2SO4 particles. Black 
symbols represent measurements and blue and red lines correspond to values modeled 
according to Tang [1996] and Köhler theory [Köhler, 1922], respectively. 
5.2.2 Dry Absorbing Microspheres 
Because optical properties of the absorbing PSM have been previously determined at the 
532 nm wavelength [Lack et al., 2006; Lack et al., 2009a], they were used as a benchmark to 
demonstrate that our instrumentation could accurately measure dry light absorption.  
5.2.2.1 Size Distribution 
A measured absorbing PSM size distribution is provided in Figure 36. 
 
Figure 36 Multiple charge corrected size distribution of atomized mono-disperse absorbing 
PSM aerosol. 
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The distribution has a CMD of 319 nm that is larger than the nominal size specified by 
the manufacturer (300 nm) but smaller than the 327 nm observed by Lack et al. [2006]. The 
measured GSD was 1.08. The peaks near 153 and 200 nm could be attributed to doubly and 
triply charged particles that are not addressed in the SMPS data inversion algorithm. 
5.2.2.2 Optical Properties 
Figure 37 shows the relationships between the measured scattering and extinction values 
at three wavelengths to retrieve single scattering albedo values of the absorbing PSM by means 
of a linear regression at each wavelength. The linear fits are indicated as dashed lines. The 
vertical and horizontal bars correspond to measured standard deviations for an averaging time of 
120 s. 
 
Figure 37 Dependence of measured scattering vs. extinction coefficients at three 
wavelengths (symbols) on concentration of light absorbing PSM. A linear best fit (dashed 
line) determined the single scattering albedo (ω). 
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The measured ω value of 0.88 ± 0.02 at 530 nm is in agreement with Lack’s reported ω 
value of 0.86 ± 0.02 at 532 nm [Lack et al., 2009a]. This result verifies the accuracy of the 
optical method to quantify single scattering albedo values under dry conditions. 
5.2.3 Nigrosin 
Nigrosin is a water-soluble compound and therefore provides an opportunity to examine 
the dependence of light absorption on RH. 
5.2.3.1 Dry Size Distribution 
Figure 38 provides a typical dry size distribution of nigrosin. The PSDs were lognormal 
with a CMD in the range of 40-60 nm and GSDs in the range of 1.6 to 1.8. 
 
Figure 38 Multiple charge corrected dry size distribution of atomized nigrosin aerosol. 
Blue lines indicate predicted fractions of singly and multiply charged aerosol particles 
present at each instrument diameter bin before the multiple charge correction software 
inversion was applied. 
Similar to the generated (NH4)2SO4 particles, most nigrosin particles carried either no 
charge or a single charge for the PSD shown in Figure 38. The highest fraction of multiply 
charged particles (10%) was observed at a diameter of 79 nm. For the HTDMA selected dry 
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diameter of 100 nm, no correction for multiply charged particles on the measured hygroscopic 
growth factor was necessary. 
5.2.3.2 Hygroscopic Growth Factor 
Black symbols in Figure 39 show the measured hygroscopic diameter growth determined 
by the HTDMA instrument. The fit to determine the κ parameter is indicated as a red line in the 
same figure. 
 
Figure 39 Nigrosin diameter growth factor as a function of RH for the determination of the 
hygroscopicity parameter κ. Selected dry particle size was 100 nm. 
Figure 39 indicates that nigrosin is hygroscopic with a diameter growth factor of 1.37 at 
91.6% RH in comparison to dry conditions. At 91.6% RH there was almost 1.6 times more 
solvent (water) present in the aerosol than solute (nigrosin). The derived κ parameter was 
observed to be 0.165 ± 0.003. 
5.2.3.3 Optical Properties 
Figure 40 provides the measured and modeled (a) extinction, (b) scattering, (c) absorption 
and (d) tabulated absorption growth factors for nigrosin at all measured wavelengths. Vertical 
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bars in extinction and scattering represent the measured standard deviations for an averaging 
time of 120 s. Vertical bars for absorption are in quadrature added standard deviations of the 
measured scattering and extinction values. Horizontal bars are the absolute measurement 
uncertainties of the RH measurements (± 2% RH). The modeled values were obtained with the 
LVA mixing rule of water and nigrosin and the dry refractive indices presented in Table 7 
(Chapter 4.9.3). 
 
Figure 40 Measured and modeled optical properties of nigrosin as a function of RH: (a) 
extinction and (b) scattering for 467 nm, 530 nm and 660 nm, (c) calculated absorption by 
difference in extinction and scattering, (d) obtained absorption growth factor and single 
scattering albedo values in comparison to the model at 530 nm. 
Extinction and scattering increased with increasing RH values due to water uptake, which 
resulted in larger aerosol size. The derived light absorption coefficient was highest at 530 nm, 
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followed by 660 nm and 467 nm. Such a trend in absorption with wavelength is similar to the 
trend in wavelength reported for bulk measurements of nigrosin solutions [Sedlacek and Lee, 
2007]. As RH increased, there was an increase in light absorption and an increase in single 
scattering albedo. The absorption growth factor was 1.22 ± 0.06 at the 530 nm wavelength and 
95% RH (Figure 40d). Good agreement is observed with the LVA mixing rule when using the 
Mie-Lorenz model to describe all optical coefficients observed up to 90% RH. Above 90% RH 
all the modeled coefficients tended to be higher than the measurements, which could be 
explained by particle losses, the extrapolated and uncertain size growth at these RHs and 
uncertainties in the RH measurement. Particle losses in the humidifier could also explain the 
good measurement and model agreement for the single scattering albedo even though there was 
slight disagreement for f(RH)bap at 95% RH (Figure 40d). Another explanation for the 
discrepancy between the modeled and measured growth pattern could be the usage of a constant 
κ parameter at all RHs which might be invalid for concentrated solutes present at RH values less 
than 85%. Despite the issues observed, the agreement within uncertainty between measured and 
modeled optical properties provides confidence in the modeling framework for absorbing 
compounds as a function of RH. 
5.3 LAOC 
Nigrosin and absorbing PSM served as benchmarks to build confidence in the ability of 
the instrumentation to measure atmospherically relevant, biomass related LAOC. This section 
first provides the results for the chemical composition analysis of the particles studied; then, the 
size distribution data, which is followed by results for the hygroscopic properties; and last, the 
measured optical properties and closure analysis are discussed. 
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5.3.1 Composition Analysis 
LAOC aerosol generated by the pyrolysis of biomass is a complex mixture of organic and 
inorganic compounds (Table 10). These results describe the composition in terms of averages 
and standard deviations of POM and inorganic ion mass fractions for three pyrolysis events. 
Table 10 Averages and standard deviations of primary organic matter (POM) and 
inorganic ion mass fractions for three filter samples of LAOC aerosol. 
 POM 
b
 POM/OC Cl
-
 SO4
2-
 NO
3-
 NH4
+
 Ca
2+
 K
+
 Na
+
 
Mean 0.9725 1.67 0.0074 0.0028 0.0021 0.0007 0.0021 0.0087 0.0017 
Standard 
Deviation 
0.0113 0.14 0.0023 0.0004 0.0020 0.0008 0.0015 0.0025 0.0006 
a
 EC and Br
-
, PO4
3-
 and Mg
2+
 mass fractions were also determined but the results were below the 
detection limit of the analysis 
b
 Corrected by matching gravimetric mass (as previously described, POM/OC describes the 
correction factor) 
 
More than 97% of the aerosol mass generated by wood pyrolysis was composed of POM. 
The POM/OC correction factor of 1.67 ± 0.14 was within the range of results from  previous 
studies; Turpin and Lim [2001] reported values ranging from 1.4 to 2.0 depending on sources 
and atmospheric processing. Hand et al. [2010] reported values ranging from 1.4 to 2.5 for 
aerosol from biomass burning. The highest ionic mass fraction was determined for K
+
 (0.0087), 
followed by Cl
-
 (0.0074) and SO4
2-
(0.0028). Trace amounts of NO3
-
, NH4
+
, Ca
2+
 and Na
+
 were 
also observed in the aerosol mass. K
+
, Cl
-
 and SO4
2-
 have been previously reported as the main 
inorganic species in biomass burning aerosol; plume measurements by Ferek et al. [1998] had 
mass fractions of K
+
 (0.03-0.05), Cl
-
 (0.01-0.03), and SO4
2-
 (0.01-0.03). Hand et al. [2010] also 
reported K
+
 and Cl
-
 as the most abundant ions but with a high variable inorganic mass fraction 
depending on fuel wood type ranging from 0.02 (pine type woods) up to 0.44 by mass (for 
certain brush types). The inorganic mass fraction (0.0275) observed in this study for oak 
pyrolysis aerosol fits into the range of pine wood (0.02 to 0.03). 
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5.3.2 Dry Particle Size Distribution 
In contrast to the benchmarking experiments, LAOC was not generated continuously but 
rather drawn from a storage vessel in which the concentration decreased and coagulation 
between particles occurred. Therefore, its particle size distribution is a function of time. The 
coagulation process decreased with residence time in the storage vessel. An evolution of a 
LAOC dry size distribution as a function of time is provided in Figure 41. 
  
Figure 41 Evolution of the dry LAOC particle size distribution. Dashed line indicates the 
distribution that was used for the analysis of multiply charged particles (Figure 42). 
Figure 41 indicates that the mode of the particle size distribution is in the range of 200 to 
250 nm and that the concentration of particles decreased with time due to dilution. In terms of 
distribution statistics, at t = 0 min the CMD was 191 nm with a GSD of 1.57 while at t = 60 min 
the CMD was 237 nm with a GSD of 1.43. The distribution for t = 10 min (white dashed line in 
Figure 41) including the fractions of singly and multiply charged particles is shown in Figure 42. 
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Figure 42 Charge corrected dry particle size distribution of LAOC generated by pyrolysis 
of oak wood after 10 min residence time in the storage vessel. Blue lines indicate predicted 
fractions of singly and multiply charged aerosol particles present at each instrument 
diameter bin before the multiple charge correction software inversion was applied. 
The highest fractions of multiply charged particles were observed at diameters lower than 
150 nm. The SMPS inversion software accounted for the artifact of these multiply charged 
particles. The HTDMA selected 200 nm diameter particles at which the multiply charged 
particles had a fraction of 14%. At 200 nm doubly charged particles with diameters of 325 nm 
and triply charged particles with diameters of 440 nm have equal electrical mobility, but the size 
distribution included fewer particles at those sizes. Duplissy et al. [2009] recommends a 
correction for the measured diameter growth factor when the fraction of multiply charged 
particles is greater than 20%. Since HTDMA measurements were performed during  the first 15 
to 20 min of residence time in the barrel, the size distribution shown in Figure 42 at t = 10 min 
can be assumed to be representative for that time period, and no correction of the measured 
growth factor for multiply charged particles was applied. 
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5.3.3 Hygroscopic Diameter Growth Factors 
Figure 43 shows two HTDMA measurement datasets of LAOC generated directly from 
oak wood pyrolysis at 425 °C. The dry diameter selected for both experiments was 200 nm, 
which was found to be a good compromise between sizing accuracy and avoiding the effect of 
multiply charged particles (Chapter 5.3.2). As previously discussed, the hygroscopic size growth 
factor in that range is not expected to be affected significantly by the Kelvin effect. Therefore, 
the differences in hygroscopicity between 200 nm and larger dry sizes were not expected to be 
significant. The vertical bars in Figure 43 describe the uncertainties in f(RH)Dp values as 
determined by the calculated sizing uncertainty of the HTDMA system, and the horizontal lines 
describe the uncertainties in RH values as the measured RH ranges within the humidified 
scanning DMA column. 
 
Figure 43 Diameter growth factors of two independent LAOC experiments with a dry 
diameter of 200 nm. The fit for the determined hygroscopicity parameter is indicated as the 
red line. 
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The LAOC was sparingly hygroscopic, showing a monotonic growth with increasing RH. 
The hygroscopic growth factors of both experiments were within their uncertainty, indicating 
that the pyrolysis reactor produced LAOC aerosol at different times with similar composition. 
The determined κ was 0.08 ± 0.02, which is comparable to the measured hygroscopicity of 
smoldering oak biomass burning particles that had a κ of 0.10 [Carrico et al., 2010]. Assuming 
that the 0.0275 inorganic mass fraction present in the LAOC has a κ parameter of 1 and a density 
of 1600 kg m
-3
, the POM fraction would have a ZSR derived κ estimate of 0.03. Therefore, it is 
likely that the POM fraction itself had some small amount of hygroscopicity. Hand et al. [2010] 
assigned a κ parameter of 0.03 to the organic fraction of biomass burning aerosol to achieve 
closure between the HTDMA derived value of κ with one reconstructed from filter speciation. 
Background inorganic material mixed with POM has been identified as one of the main causes of 
organic aerosol hygroscopicity [Carrico et al., 2008; Hand et al., 2010; Petters et al., 2009].  
5.3.4 Optical Properties and Closure 
The optical properties of humidified LAOC aerosol generated from pyrolysis of oak 
wood are provided in Figure 44. The figure shows (a) extinction, (b) scattering, (c) absorption 
inferred by the difference of the two, and (d) the inferred single scattering albedo. The measured 
and inferred values are depicted as symbols and the dashed and solid lines show the modeled 
values calculated with the LVA and DEMA Mie-Lorenz model. Vertical bars in (a) and (b) are 
the measured standard deviations of bep and bsp values for an integration time of 120 s, 
respectively. Vertical bars in (c) and (d) for the bap and ω were calculated by adding the 
uncertainties of extinction and scattering in quadrature (Chapter 4.5.3.4) but only one 
representative vertical and horizontal bar is shown for better clarity. Horizontal bars represent the 
RH uncertainty (± 2%). 
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Figure 44 Measured and modeled optical properties of pyrolysis LAOC aerosol as a 
function of RH. Circles correspond to the measured values. The dashed lines are the 
modeled results using the LVA refractive index mixing rule. Solid lines correspond to the 
DEMA refractive index model. 
Extinction (a), scattering (b) and absorption (c) increased with increasing RH whereas the 
single scattering albedo (d) decreased. Dry and humidified absorption increased with decreasing 
wavelength, with the strongest absorption at λ = 467 nm and undetectable absorption at λ = 660 
nm.  
The absorption enhancements determined at 95% RH were 2.1 ± 0.7 and 2.3 ± 1.2 at the 
wavelengths of 467 nm and 530 nm, respectively. However, there was no detectable absorption 
or trend in absorption at 660 nm due to the extremely low values of absorption. One uncertainty 
is whether the nature of the dry organic aerosol changes during the sequential measurements at 
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increasing RH conditions that form a full test, either due to coagulation or loss of semi-volatile 
material upon dilution in the storage chamber. 
The lines in Figure 44 depict Mie-Lorenz modeling with two different refractive index 
mixing rules for water and LAOC. The LVA rule is shown as dashed lines. This widely used 
model showed good agreement in capturing the trend in scattering and extinction but was unable 
to capture the trend in the increasing absorption and decreasing single scattering albedo values 
with increasing RH. In contrast to LVA, the DEMA model was able to capture the trends in 
increasing absorption and decreasing albedo with increasing RH values but showed less accuracy 
in representing extinction and scattering values at 660 nm. However, the DEMA results indicated 
that a heterogeneously mixed aerosol with insoluble absorbing compounds could explain an 
absorption enhancement and lowering in single scattering albedo. A less accurate representation 
of extinction and scattering values with DEMA at the red wavelength could be explained by the 
sensitivity of DEMA to particle water content and the dry refractive index of the material. 
5.3.4.1 Normalized Optical Properties for Multiple Experiments 
Multiple LAOC experiments with the same experimental conditions were performed to 
establish better confidence in the measured results. Figure 45 shows the normalized optical 
properties in terms of optical growth factors (Equation 21) and single scattering albedo as a 
function of RH at 467 nm. Corresponding results at 530 and 660 nm are available in Appendix E 
including polynomial optical growth factor parameterizations according to Kotchenruther et al. 
[1999], that could be used for modeling studies. 
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Figure 45 Normalized optical properties at 467 nm for four LAOC experiments generated 
at the same pyrolysis reactor conditions (425 °C). Symbols depict measured values for 
different experiments whereas the lines correspond to the LVA (dashed) and DEMA (solid) 
modeled values. 
Extinction and scattering results from all experiments shown in 45a and 45b showed a 
similar growth pattern with increasing RH conditions and had a fairly low variability, indicating 
that the aerosol have similar hygroscopicity. The absorption growth factor and single scattering 
albedo values showed a higher variability than the scattering and extinction values. However, a 
clear increasing trend in increasing absorption is apparent, which results in the decrease in single 
scattering albedo. All experiments showed an increase in absorption of 2.2 ± 0.7 at 95% RH in 
comparison to dry conditions (RH less than 40%), which resulted in a reduction in single 
scattering albedo by 0.04 since the increase in scattering was less than the increase in absorption 
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values. Similar to the absolute values of the LAOC optical properties (Figure 44), the DEMA 
refractive index model represented the observed trends in absorption growth and single scattering 
albedo as a function of RH better than the LVA model. 
5.3.4.2 Absorption Ångström Exponent 
The coefficients for the four experiments shown in Figure 45 were used to determine the 
spectral dependence of LAOC absorption as a function of RH with the absorption Ångström 
exponent (åap, Chapter 2.2.1, Equation 17). The derived åap for the wavelength interval between 
467 and 530 nm for all four LAOC experiments are shown in Figure 46. Symbols represent 
values determined from the measured values and the red line represents the DEMA modeled 
values for the constant LAOC imaginary refractive indices in this work (Table 7). 
 
Figure 46 Measured and modeled absorption Ångström exponent as a function of RH for 
the four LAOC experiments shown in Figure 44. Symbols depict measured values for 
different experiments and the red line corresponds to values determined with the DEMA 
model. 
The measurement derived åap values of all experiments showed a high variability, ranging 
from 1.7 to 11. Three features are apparent: first, there was not a high variability of åap within 
each experiment; second, the åap values of Experiments 1 and 2 were similar but distinctly higher 
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than the åap values of Experiments 3 and 4; and third, the åap of all experiments, but in particular 
of Experiments 3 and 4 showed qualitatively a similar trend with increasing RH as the model. 
Experiments 3 and 4 that have åap values ranging from 1.7 to 4 are in the åap range of biomass 
burning aerosol that contains EC [Kirchstetter and Thatcher, 2012; Kirchstetter et al., 2004]. 
The åap of Experiments 1 and 2 which range from 6 to 11 were in the range of measurements of 
LAOC liquid extracts; Chen and Bond [2010] found values ranging from 6.6 to 11 depending on 
pyrolysis temperature (lower temperature resulted in a higher åap). The exact reason why there is 
this distinction between different experimental data is unclear. Longer residence time of the 
aerosol in the pyrolysis reactor could have produced more charring which resulted in LAOC with 
a lower åap for Experiments 3 and 4. Alternatively, a higher dilution of the LAOC emitted could 
have caused the evaporation of more weakly absorbing material. A dry åap value of 4.8 that 
represents the average of all measured values less than 40% RH was used in the simple RF 
calculations. 
5.4 Inorganic Salt-LAOC Mixtures 
Three LAOC mixing experiments with different mass fractions of (NH4)2SO4 and an 
additional three LAOC mixing experiments with three different mass fractions of NaCl were 
performed. This section reports composition analysis, dry particle size distributions, size growth 
factors and optical properties. 
5.4.1 Composition Analysis 
Table 11 provides the composition analysis for six mixing experiments in which LAOC 
was mixed with (NH4)2SO4 and NaCl. For both (NH4)2SO4 and NaCl experiments, the results are 
categorized according to the sample probe height above the pyrolysis reactor which was varied to 
control the mass ratio between LAOC and the inorganic salts. 
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Table 11 Composition analysis results for the six mixing experiments in terms of mass 
fraction (ϕ) of (NH4)2SO4, NaCl and POM to total particle mass. 
Atomizer Solute Probe Height (cm) ϕ(NH4)2SO4 ϕNaCl ϕPOM 
(NH4)2SO4 
2 0.21 0.02 0.77 
3 0.22 0.04 0.74 
4 0.27 0.00 0.73 
NaCl 
2 0.00 0.19 0.81 
3 0.01 0.26 0.73 
4 0.01 0.27 0.72 
 
The range of measured mass fraction values of (NH4)2SO4 and NaCl was narrow: the 
lowest and highest achieved ϕ(NH4)2SO4were 0.21 and 0.27 and 0.19 and 0.27 for ϕNaCl. For the 
(NH4)2SO4 mixtures the 2 and 3 cm probe height settings resulted in similar mass fractions, 
whereas for NaCl mixtures the 3 and 4 cm probe height produced similar particle mixtures. This 
lack of variation could be explained by simultaneous variations in the LAOC aerosol mass 
produced by the pyrolysis reactor. 
5.4.2 Dry Particle Size Distributions 
The temporal evolution of the dry distribution for the ϕ(NH4)2SO4 = 0.27 mixture 
experiment is provided in Figure 47. The dry size distributions of all mixture experiments 
showed a similar behavior. 
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Figure 47 Evolution of the dry particle size distribution of the (NH4)2SO4-LAOC mixture 
aerosol with a (NH4)2SO4 mass fraction of 0.27. The dashed line indicates the distribution 
that was used for the analysis of multiply charged particles (Figure 48). 
The change in the mixed LAOC size distribution with time showed a similar behavior as 
the one observed for the pure LAOC. Coagulation narrowed the width of the distribution with 
time and the mode of the distribution increased at a rate that slowed with time. In terms of 
distribution statistics, at t = 0 min the CMD was 183 nm with a GSD of 1.7 while at t = 60 min 
the CMD was 268 nm with a GSD of 1.45. The distribution for t = 10 min (white dashed line in 
Figure 47) including the fractions of singly and multiply charged particles is provided in Figure 
48. 
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Figure 48 Charge corrected dry particle size distribution of mixed LAOC (ϕ(NH4)2SO4 = 0.27) 
after 10 min residence time in storage vessel. Blue lines indicate determined fractions of 
singly and multiply charged aerosol particles present at each instrument diameter bin 
before the multiple charge correction software inversion was applied. 
The highest fractions of multiply charged particles were observed at diameters lower than 
200 nm. The SMPS inversion software accounted for the artifact of these multiply charged 
particles. The HTDMA selected 200 nm particles at which the multiply charged particles had a 
fraction of 19%. This value is close to the 20% fraction limit at which multiply charged particles 
start to influence the growth factor [Duplissy et al., 2009]. No correction was applied since the 
effect of multiply charged particles on growth was assumed to be smaller than other uncertainties 
that affect hygroscopic growth, such as uncertainties in salt mass fractions (5%) and particle 
shape (NaCl experiments, 5.2%) that were considered in the HTDMA data analysis. 
5.4.3 Hygroscopic Diameter Growth Factors 
The measured and modeled diameter growth factors of each (NH4)2SO4 and NaCl mixing 
experiment are shown in Figures 49a and 49b, respectively. The dry selected mobility diameter 
was 200 nm for all cases in Figure 49. Growth factors for pure pyrolysis LAOC and pure 
(NH4)2SO4 are also included in Figure 49. The hygroscopicity of pure LAOC describes the 
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lowest possible diameter growth factor that was further used to model the mixed growth factors 
with the ZSR rule. (NH4)2SO4 served as the HTDMA instrument benchmark. To make the plots 
easier to interpret, one measurement uncertainty of the growth factor at the highest measured RH 
is plotted for each aerosol type. 
 
Figure 49 Measured and modeled f(RH)Dp for (a) pyrolysis LAOC aerosol mixed with 
(NH4)2SO4 and (b) pyrolysis LAOC aerosol mixed with NaCl. The dry selected mobility 
diameter was 200 nm. Symbols represent measured values with the HTDMA, lines show 
the ZSR modeled values based on the salt mass fractions determined by filter 
measurements. 
a) (NH
4
)
2
SO
4
Measured  Modeled  
(NH4)2SO4
                          0.00
                          0.21
                          0.22
                          0.27
                          1.00
0 20 40 60 80 100
1.00
1.25
1.50
1.75
2.00
b) NaCl
Measured  Modeled  
NaCl
                        0.00
                        0.19
                        0.26
                        0.27
                        1.00
0 20 40 60 80 100
1.00
1.25
1.50
1.75
2.00
 
 
f(
R
H
)D
p
 
RH (%)
 
 
f(
R
H
)D
p
 
RH (%)
119 
 
The measured and modeled f(RH)Dp factors for pure (NH4)2SO4 (Figure 49a) agreed 
within 4% at all RHs, indicating an accurate operation of the HTDMA instrument. The 
monotonic LAOC growth, which describes the lower bound of all experiments, is described in 
Chapter 5.3.2. For the mixed particles, deliquescent growth was observed for (NH4)2SO4 and 
NaCl mixture experiments. The deliquescence RH of all mixtures was less distinct. A lowering 
of the deliquescence RH of up to 6% RH in comparison to the theoretical values of pure salts, 
which are 80% for (NH4)2SO4 and 76% RH for NaCl [Tang, 1996], occurred. Shifts in 
deliquescence of internal organic-inorganic particle mixtures have been observed previously, e.g. 
Andrews and Larson [1993] and Hansson et al. [1998]. The lowering in the deliquescence RH 
could be explained by the LAOC fraction that attracts water at lower RH than the deliquescence 
RH of the pure salts, influencing thermodynamics of the salt fraction [Marcolli et al., 2004; 
Zardini et al., 2008]. 
The measured growth factor of (NH4)2SO4 mixtures as a function of RH (Figure 49a) is 
difficult to distinguish for different (NH4)2SO4 mass fractions (0.21 to 0.27). Since these 
minimum and maximum mass fractions differed by 0.06, the differences in growth caused by 
such small differences in (NH4)2SO4-LAOC mass fractions were not observable. The mass 
fractions had an estimated uncertainty of 0.05. Uncertainty in the mass fractions could also 
explain the up to 17% higher measured diameter growth factors than the ZSR modeled growth 
factor values with increasing RH. Corrections for particle shape from cube to sphere or for 
doubly charged particles that were not corrected would increase the measured diameter growth 
factor values further and therefore is not a possible reason for this mismatch. A match between 
measured and modeled growth could be achieved if the determined (NH4)2SO4 mass fraction was 
on average 0.07 higher for all three experiments. 
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In contrast to the (NH4)2SO4-LAOC mixture results, the growth factors with shape 
corrected diameter of the NaCl-LAOC mixtures (Figure 49b) increased with higher salt mass 
fraction and RH. For RH values below 90%, the measured and modeled diameter growth factors 
agreed within 6%. For all the NaCl mixtures, the shape correction increased the diameter growth 
factors by 5.2%. With this correction applied the ZSR model still under predicted diameter 
growth by up to 10% in comparison to the measurements at RHs greater than 90%. However, 
mixture non-idealities of soluble and sparingly soluble solutes and inhomogeneities of mixing 
could explain a mismatch of this magnitude. 
The HTDMA pre-inversion raw data of (NH4)2SO4-LAOC and NaCl-LAOC mixtures are 
shown in Figure 50. The dry size and humidified PSD and for the (NH4)2SO4-LAOC mixtures 
are presented in (a) and (b), respectively and the dry size and humidified PSD and for the NaCl-
LAOC mixtures are shown in (c) and (d). The data in (b) and (d) are plotted for the highest 
achieved HTDMA RH. Colors in all plots indicate different salt mass fractions. 
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Figure 50 HTDMA pre-inversion raw data of (a) (NH4)2SO4-LAOC mixtures and (b) NaCl-
LAOC mixtures for the highest achieved HTDMA RH. 
A broader PSD at the highest achieved scanning DMA RH is observed for all mixtures in 
comparison to pure LAOC and under dry conditions. This broadening is explained by non-
uniform distribution of salt mass on the mixed particles. All data sets besides one (ϕ(NH4)2SO4 = 
0.22) have a slight bimodal distribution at high RH and are more platycurtic than the one of pure 
LAOC. Some of the first modes in the bimodal distributions are close to the mode of the pure 
LAOC distribution, indicating that some particles contain little to no salt mass. However, most 
particles contain salt mass, which is indicated by the presence of larger particle sizes in the PSD 
in comparison to the PSD of pure LAOC. All PSDs of (NH4)2SO4-LAOC mixtures also overlap 
with the one of pure (NH4)2SO4 indicating that some mixture particles contain a high amount of 
salt. The PSDs of the NaCl-LAOC mixtures are wider than those of the (NH4)2SO4-LAOC 
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mixtures which can be explained by the higher hygroscopicity of NaCl. For both the (NH4)2SO4-
LAOC and the NaCl-LAOC mixtures the raw pre-inversion PSDs do not indicate a clear 
distinction for different salt mass fractions. However, the curve fitting and weighing of the 
inversion software was able to separate the growth factor of the 0.19 mass fraction from the 
growth factors of the 0.26 and 0.27 mass fractions of the NaCl-LAOC mixtures. 
5.4.4 Optical Properties 
5.4.4.1 Ammonium Sulfate Mixtures 
The measured and modeled optical growth factors of (a) extinction, (b) scattering, (c) 
absorption and (d) measured and modeled single scattering albedo for each (NH4)2SO4 
experiment are presented in Figure 51. Different symbols correspond to measurements at 
different (NH4)2SO4 salt mass fractions as described above. Lines represent the modeled optical 
properties calculated with Mie-Lorentz and DEMA theories. The extinction and scattering 
growth factors of the pure (NH4)2SO4 benchmark are plotted in circles on the right vertical axis 
indicated by the arrows in (a) and (b). 
123 
 
 
Figure 51 Optical growth factors and single scattering albedo at the 467 nm wavelength for 
the pyrolysis LAOC mixed with five different mass fractions of (NH4)2SO4. Symbols 
represent measurements and lines represent modeled values. For (a) extinction and (b) 
scattering growth the results for pure non-absorbing (NH4)2SO4 are shown on the right 
vertical axis indicated by the arrows. 
Match within uncertainty between measured and modeled extinction and scattering 
growth factors of the pure (NH4)2SO4 benchmark aerosol was achieved (circles and dashed line 
in (a) and 51(b)) indicating the proper operation of the optical setup. The derived absolute 
absorption coefficients of the pure (NH4)2SO4 show no dependence on RH but a variability of ± 
40 Mm
-1
 around zero (Appendix E).The extinction and scattering growth factors of the 
(NH4)2SO4 -LAOC mixtures increased monotonically at a similar rate as the pure LAOC until 
deliquescence where they started to increase rapidly. As with the diameter growth factors (Figure 
49a), a lowered deliquescence RH was observed and there was no distinguishable difference in 
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extinction and scattering growth factors for the three different salt mass fractions. The measured 
and modeled extinction and scattering growth factors above deliquescence agreed within 12% for 
all (NH4)2SO4 -LAOC mixtures. 
Measured light absorption in all experiments increased by up to 2.85 times at 95% RH 
from the initial dry value at 8% RH. The Mie-Lorenz model captured the increasing absorption 
trend with RH; however, it predicted a maximum absorption increase of 2.25 at 95% RH. The 
increasing trend in absorption growth with increasing (NH4)2SO4 mass fraction and RH indicated 
by the model could not be detected by the measurements. Furthermore, the measured increase in 
absorption of the mixed particles could not be differentiated from the one of pure LAOC 
particles within the large variability in the measured data. 
A higher single scattering albedo (Figure 51d) by up to 0.08 (absolute value) was 
observed for the (NH4)2SO4-LAOC mixture particles in comparison to the pure LAOC particles 
between 10 and 95% RH. The model represented this trend over the same RH range, but with a 
smaller increase in albedo of 0.05 (absolute value). The measured single scattering albedo of the 
(NH4)2SO4-LAOC mixture particles showed no decrease with increasing RH, besides the 
measured value at 95% RH for the 0.22 (NH4)2SO4 mass fraction that also had the highest 
absorption growth factor at the same RH (Figure 51c). The single scattering albedo of the pure 
LAOC particles decreased by 0.05 (absolute value) at 95% RH in comparison to 30% RH. The 
wide range in the measured single scattering albedo of the mixed particles could be attributed to 
differences in the generation of the aerosol (variation in the pyrolysis process that causes 
variation in particle absorptive properties) and dry size distribution but likely not to the 0.06 
range in salt mass fractions. The modeled results took into account the dependence of the size 
distribution at each RH which resulted in the variability shown in the modeled lines. The initial 
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dry refractive index used in the model (Table 7) was the same for the LAOC fraction in all 
experiments. 
5.4.4.2 Sodium Chloride Mixtures 
The measured and modeled optical growth factors of (a) extinction, (b) scattering, (c) 
absorption and (d) measured and modeled single scattering albedo of each NaCl-LAOC mixing 
experiment are presented in Figure 52. Different symbols correspond to measurements at 
different NaCl salt mass fractions. Lines represent the modeled optical properties calculated with 
Mie-Lorentz and DEMA theories. 
 
Figure 52 Optical growth factors and single scattering albedo at the 467 nm wavelength for 
the pyrolysis LAOC mixed with four different mass fractions of NaCl. Symbols represent 
measurements and lines represent modeled values with Mie-Lorenz and DEMA theories. 
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Both extinction and scattering growth showed good agreement with the modeled values 
in Figures 52a and 52b. The model over predicted extinction and scattering growth with 
increasing RH by up to 13% at the highest RH value and the salt mass fraction of 0.19. 
Uncertainties in the determined NaCl mass fraction and particle shape correction could cause a 
mismatch of this magnitude. The shape correction applied to the NaCl-LAOC mixtures, used for 
the data shown in the figure, improved the agreement by lowering all modeled extinction and 
scattering growth factors by 10.5%. 
The absorption growth factor (Figure 52c) of all mixtures increased by up to 2.6 at 94% 
RH in comparison to 26% RH. The measured absorption growth factor of the NaCl-LAOC 
mixture particles cannot be differentiated from the one of the pure LAOC particles within the 
large variability in the measured data. The Mie-Lorenz modeling using DEMA represented the 
trend in the measured absorption growth with increasing RH. The increasing trend in absorption 
growth with increasing NaCl mass fraction and RH as indicated by the model could not be 
detected by the measurements. 
The measured and modeled single scattering albedo values as a function of RH  
(Figure 52d) increased with increasing salt mass fraction. A single scattering albedo increase of 
up to 0.07 (absolute value) was observed for particles that contained a 0.26 mass fraction of 
NaCl at 95% RH, in comparison to the pure LAOC. The measured single scattering albedo 
showed a larger variability than the modeled values at all RHs which could have been caused by 
slight differences in the generation of the aerosol as explained for the (NH4)2SO4-LAOC 
mixtures. 
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5.5 LAOC Effect on Direct Clear Sky Radiative Forcing 
The climate impact of LAOC aerosol was evaluated by modeling its SFE [Bond and 
Bergstrom, 2006] as a function of RH and surface albedo. The SFE estimates the climate impact 
by aerosol mass (forcing per mass). This section first provides the derived input parameters for 
estimating the SFE and then presents the results of the spectral SFE as a function of RH for a 
global average surface albedo, the surface albedo of fresh snow and two refractive index models 
(LVA and DEMA), respectively. Last, the SFE as a function of surface albedo and RH is 
discussed. 
5.5.1 Derivation of Input Parameters 
The difference of this work in comparison to previous studies is that it considers LAOC 
as an absorbing aerosol that has a RH and a wavelength dependent absorption. Before calculating 
the RF, the LAOC MAC, MSC and β had to be estimated for the entire wavelength spectrum (280 
to 1000 nm) and for the 0 to 95% RH range. Input of the calculations for these optical properties 
were the dry particle properties determined in this work; a size distribution with a CMD of 230 
and GSD of 1.45; a κ parameter of 0.08 and a dry refractive index of 1.57+0.017i at λ = 467 nm 
and an åap value of 4.8. Figure 53 shows the Mie-Lorenz theory derived spectral MAC for LAOC 
at dry and 95% RH, calculated with the DEMA and LVA models. To show the spectral range at 
which the MAC interacts with solar radiation, the spectral solar irradiance from the ASTM, 
G173-03 reference spectrum is also shown in Figure 53 (right vertical axis). 
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Figure 53 Mass absorption cross-section (MAC) determined with the DEMA and LVA 
models and Mie-Lorenz theory at dry and 95% RH (solid lines). Spectral solar flux 
determined from the ASTM, G173-03 reference spectra (dashed line). 
All MAC values were greater at UV than at visible wavelengths. The MAC calculated 
with the LVA mixing rule was affected by less than 0.1 m
2 
g
-1
 by the added water at 95% RH for 
wavelengths greater than 400 nm. Below 400 nm the added water increased the LVA modeled 
MAC by up to 3 m
2
g
-1
. The DEMA model showed an observable increase of the MAC at 95% 
RH in comparison to dry conditions between the 350 and 750 nm wavelengths. The apparent 
variability in the solar irradiance comes from absorption bands of gases in the atmospheric 
column. The observed peak solar irradiance was between the 500 and 550 nm wavelengths. 
5.5.2 Wavelength Dependent Simple Forcing Efficiency (SFE (λ)) 
The spectral SFE for two surface albedo cases of 0.2 and 0.8 is shown in Figure 54 as a 
function of RH. Figures 54a and 54b correspond to values calculated with the DEMA model, and 
Figures 54c and 54d correspond to results of the LVA model. 
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Figure 54 Spectral simple forcing efficiency (SFE (λ)) of LAOC aerosol as a function of RH 
calculated for two different surface albedos (0.2 and 0.85) with the DEMA (top row (a) and 
(b)) and LVA models (bottom row (c) and (d)). 
Over the global average surface albedo of 0.2, both the DEMA and LVA model had a 
positive spectral SFE in the near UV (less than 400 nm) wavelength range and a negative 
spectral SFE near the 600 nm to 800 nm wavelengths (a) and (c). Difference in the RH 
dependence of the spectral SFE was observable; the DEMA model predicted an increase in 
forcing in the near UV whereas the LVA showed a decrease at the same wavelength. For the 
other wavelengths than the UV range both models predict a decrease in spectral SFE for the 
albedo of 0.2. 
Over the fresh snow surface (albedo = 0.85, Figure 54b and Figure 54d) all the forcing 
values calculated with LVA and DEMA are positive (despite the blue color). An increase in 
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spectral SFE with RH at the UV wavelengths was observed for the DEMA model. The calculated 
spectral SFE of the LVA model remained nearly constant for all RH values. 
5.5.3 Spectrally Integrated Simple Forcing Efficiency (SFE) 
The results of Figure 54 were spectrally integrated and provided in Figure 55. Figure 55a 
shows the SFE values for the global average albedo (0.2) and Figure 55b for the fresh snow 
surface (0.85). 
 
Figure 55 Spectrally integrated simple forcing efficiency (SFE) of LAOC as a function of 
RH calculated with the LVA and DEMA model for a surface albedo of (a) 0.2 and (b) 0.85. 
For a global average albedo of 0.2, both models predicted negative SFE at all RH values. 
The DEMA model predicted an SFE decrease by 16 W g
-1
 up to 95% RH. The LVA model 
predicted a decrease in SFE of 9 W g
-1
 at 95% RH. A positive SFE with a dry value of 58 W g
-1
 
was observed over the fresh snow surface (albedo 0.85). The DEMA model indicated an increase 
in SFE by 97 W g
-1
 and the LVA model predicted an increase in SFE by 2 W g
-1
 at 95% RH in 
comparison to dry conditions. The correct absorption treatment with RH is critical over such 
strongly reflecting surfaces; at 95% RH the LVA model under predicts the SFE by 95 W g
-1
 in 
comparison to the DEMA model. 
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5.5.4 Importance of Surface Albedo 
Figure 56 shows the SFE values as a function of surface albedo and RH for (a) the LVA, 
and (b) the DEMA model. The zero contour line (critical surface albedo at which LAOC either 
exhibits a positive of negative forcing) is indicated in each plot as a white dashed line. Negative 
(blue) SFE areas in the plot can be interrelated to a cooling effect of the aerosol layer onto the 
atmospheric column whereas positive (red) areas correspond to warming. 
 
Figure 56 Spectrum integrated simple forcing efficiency (SFE) as a function of RH and 
surface albedo calculated with (a) the LVA and (b) the DEMA model. 
The critical surface albedo was near 0.29 for both DEMA and LVA calculated aerosol 
properties at RHs less than 75%. For higher RH values the critical albedo for the LVA modeled 
values slightly increased whereas it remained constant for the DEMA model. Again, the model 
treatment of LAOC optical properties with RH was most sensitive for surfaces with albedo 
greater than 0.7. For surfaces with albedo less than 0.3 such as vegetation and water, the 
difference in the two models was small (less than 12 W g
-1
). Over bright surfaces such as fresh 
snow and above clouds the SFE of LAOC could be important on a global scale and should be 
assessed with a GCM (Chapter 5.6). 
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5.6 Atmospheric Relevance and Implications 
This chapter describes the atmospheric implications of the change observed in LAOC 
optical properties with increasing RH in terms of clear sky radiative transfer and direct radiative 
forcing (5.6.1), semi-direct and indirect radiative forcing (5.6.2) and actinic flux and 
tropospheric chemistry (5.6.3). 
5.6.1 Clear Sky Radiative Transfer and Direct Radiative Forcing 
Most global climate models that include the optical properties of organic matter currently 
do not account for absorption by organic carbon emitted from biomass combustion or pyrolysis. 
When absorption by organic carbon is included in these models, model parameterizations assume 
that scattering increases but absorption remains constant as RH increases [Ghan and Zaveri, 
2007; Ghan et al., 2012]. The increase in absorption with RH observed in this work indicates 
that even parameterizations that do consider organic carbon absorption measured for dry aerosol 
could underestimate it for RH values between 75 and 95%. 
5.6.1.1 Comparison of LAOC and BC Absorption Optical Depth 
To evaluate the relevance of the LAOC effect on radiative transfer, the LAOC aerosol 
absorption optical depth (τap) at the 550 nm wavelength was modeled at 0 and 95% RH and 
compared to the optical depth of BC (Table 12).  
Table 12 LAOC and BC optical depths (λ = 550 nm) at 0 and 95% RH calculated based on 
the global average atmospheric column burden of both species. 
Aerosol 
Type 
Dry Column 
Burden (g m
-2
)
a
 
MAC (m
2 
g
-1
) 
 λ =550 nm 
0% RH 
MAC (m
2 
g
-1
) 
 λ =550 nm 
95% RH 
τap  
λ =550 nm 
0% RH 
τap  
λ =550 nm 
95% RH 
LAOC 0.00099 0.29000 0.77000 0.00029 0.00076 
BC 0.00025 7.50000 11.25000 0.00188 0.00281 
a 
Schulz et al. [2006] 
The τap of LAOC under dry conditions (0.00029) is seven times lower than the τap of BC 
(0.00188). At 95% RH the τap of LAOC (0.00076) increases to a fifth of the τap of BC (0.00281). 
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If it is assumed that no mineral dust is present in the atmospheric column, LAOC would 
contribute 12% and 21% to the total atmospheric absorption by particles at 0% and 95% RH, 
respectively. A measurement study by Kirchstetter and Thatcher [2012] estimated that LAOC 
would account for 14% and BC would account for 86% of all solar radiation absorbed by 
atmospheric aerosol (integrated over the solar spectrum from 300 to 2500 nm). The results 
estimated in this work fall into this range; however, burdens of OC and BC can vary significantly 
in the atmosphere. LAOC particle absorption is expected to be most significant in biomass and 
biofuel burning regions. 
5.6.1.2 Evaluation of LAOC Radiative Forcing in Comparison to other Aerosol Species 
Table 13 provides the modeled SFE and RF values at 0 and 95% RH for LAOC, OC 
(LAOC treated as non-absorbing), BC and sulfate aerosol. The global average surface albedo of 
0.2 was used to perform the calculation for each aerosol species. 
Table 13 Estimated top of the atmosphere SFE and RF of LAOC, OC, BC and sulfate 
based on a global average atmospheric column burden of each species for a global average 
surface albedo (0.2) and RH values of 0 and 95%. 
Aerosol 
Type 
Dry Column 
Burden (g m
-2
)
a 
SFE (W g
-1
) 
0% RH 
SFE (W g
-1
) 
95% RH 
RF (W m
-2
) 
0% RH 
RF (W m
-2
) 
95% RH 
LAOC 0.00099 -12.000 -29.000 -0.012 -0.029 
OC 0.00099 -16.000 -39.000 -0.016 -0.039 
BC 0.00025 155.000 292.000 0.039 0.073 
Sulfate 0.00212 -17.000 -219.000 -0.036 -0.464 
a
 Schulz et al. [2006] 
The negative SFE of LAOC results in a negative RF of -12 mW m
-2
 and -29 mW m
-2
 for 
0 and 95% RH, respectively, on a global average. Treating the OC as LAOC reduces the 
negative RF by 25% at 95% RH. In contrast to LAOC, BC exhibits the only positive SFE and RF 
at both 0 and 95% RH. Although BC has a column burden four times lower than LAOC, BC  
almost has a positive forcing of 39 mW m
-2
 at 0% RH and a forcing of 73 mW m
-2
. This higher 
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forcing is due to the higher MAC of BC in comparison to LAOC. At 0% RH, sulfate shows a 
negative RF of -360 mW m
-2
, three times the RF value of LAOC (-11 mW m
-2
). However, at 
95% RH the sulfate RF (-0.464 W m
-2
) is almost sixteen times more negative than the one of 
LAOC (-29 mW m
-2
), due to the strong sulfate hygroscopicity. 
Table 14 shows the modeled forcing results computed with the same method as used in 
Table 13 but over the surface albedo of fresh snow (0.85). 
Table 14 Estimated top of the atmosphere SFE and RF of LAOC, OC, BC and sulfate 
based on a global average atmospheric column burden of each species for a fresh snow 
surface albedo (0.85) and RH values of 0 and 95%. 
Aerosol 
Type 
Dry Column 
Burden (g m
-2
)
a 
SFE (W g
-1
) 
0% RH 
SFE (W g
-1
) 
95% RH 
RF (W m
-2
) 
0% RH 
RF (W m
-2
) 
95% RH 
LAOC 0.00099 58.000 145.000 0.057 0.144 
OC 0.00099 -0.330 -0.570 0.000 -0.001 
BC 0.00025 719.000 1250.000 0.180 0.313 
Sulfate 0.00212 -0.350 -4.600 -0.001 -0.010 
a
Schulz et al. [2006] 
A strong, positive top of the atmosphere SFE and RF for both LAOC and BC were 
observed over snow surfaces. The LAOC RF predicted at 0% RH (58 mW m
-2
) is a third of the 
BC RF (180 mW m
-2
) at the same conditions. The BC SFE (719 W g
-1
) is twelve times stronger 
than the one of LAOC (58 W g
-1
), but BC’s column burden (0.25 mg m-2) is four times lower 
than the column burden of LAOC (0.99 mg m
-2
) as discussed previously. At 95% RH the LAOC 
RF (144 mW m
-2
) corresponds to 55% of the BC RF (313 mW m
-2
), illustrating that the correct 
treatment of LAOC absorption at high RH is important for estimating RF over snow surfaces. 
Not including OC absorption in radiative transfer modeling over fresh snow results in a negative 
RF of 0.3 mW m
-2
 instead of a positive forcing of 58 mW m
-2
. Not including the change in 
absorption with increasing RH results in an underestimation of the RF by 60% or 68 mW m
-2
. 
The magnitude of the RFs determined for both the global average and fresh snow surface 
albedos (Tables 13 and 14) are an order of magnitude lower than the values determined by 
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GCMs. An inter-comparison of nine different GCMs [Schulz et al., 2006] predicts a global 
average BC RF of 0.25 ± 0.08 W m
-2
, which is four times higher than the BC RF estimate range 
of this study (39 mW m
-2
 at 0% RH and 73 mW m
-2
), even though this study uses the same 
average column burden. The GCM inter-comparison also estimates a global average OC RF of - 
0.14 ± 0.05 W m
-2
, which is four times the value obtained in this research for non-absorbing OC 
at 95% RH (39 mW m
-2
). The exact reason for this mismatch is not entirely clear but could be 
attributed to the spatial distribution of the different aerosol species globally and vertically, and to 
other environmental factors not accounted for in this work. Satellite measurements [Chand et al., 
2009] and modeling studies. [Zarzycki and Bond, 2010] have identified significant increases in 
RF of biomass burning and BC aerosol aloft clouds, indicating that the vertical distribution of the 
aerosol mass is important to determine radiative effects of absorbing aerosol. A further 
difference could be the use of different aerosol properties, e.g. PSDs and hygroscopicities in the 
GCM in comparison to this study. While this work does not take these effects into account and 
the magnitude of the determined RF is lower than the ones estimated by GCMs, the signs and 
trends of the RF determined in this work are assumed to be valid. In addition, the relative 
magnitude of the LAOC RF in comparison to the other aerosol species presented is also assumed  
to be valid, but a GCM evaluation is needed for a more accurate estimation of the LAOC RF.  
In terms of global relevance, these results indicate that the correct treatment of LAOC 
absorption in models might be most important for the local RF of biomass biofuel burning 
plumes in the northern hemisphere transported over snow and ice fields of the climate sensitive 
Himalaya and Arctic regions. Boreal forest fire plumes are frequently observed over the Arctic 
[Bourgeois and Bey, 2011] and biomass burning related BC is commonly detected in ice samples 
of Himalayan glaciers [Kaspari et al., 2011]. 
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5.6.2 Semi-Direct and Indirect Radiative Forcing 
The heating of the absorbed solar radiation by aerosols in the atmospheric column leads 
to changes in cloud cover and liquid water path known as the semi-direct effect [Lohmann and 
Feichter, 2001]. One global GCM has explored the DEMA representation of BC for this effect 
[Jacobson, 2006; 2010; 2012] and this model describes a substantial cloud burn-off with the 
increased absorption predicted by the DEMA treatment. Because of lower absorption optical 
depth of LAOC in comparison to BC, near-cloud and in-cloud heating rates of LAOC are not 
expected to be as substantial as for the BC studies mentioned above. However, since LAOC has 
a higher burden in the atmosphere than BC (Table 12), the cloud heating effects of LAOC should 
be explored with a GCM. LAOC also contains water-soluble compounds [Chen and Bond, 2010] 
and this work has shown that its pure fresh emissions from wood pyrolysis are hygroscopic with 
a κ parameter of 0.08. Therefore, pure LAOC is a CCN active substance at the time of its 
emission in contrast to pure BC, which achieves its CCN activity through mixing and 
condensation of hydrophilic species [McMeeking et al., 2011]. This intrinsic LAOC 
hygroscopicity has implications for the formation of clouds and cloud properties (indirect effect) 
and the removal (wet deposition) of LAOC from the atmosphere. 
5.6.3 Actinic Flux and Tropospheric Chemistry 
The measured absorption of LAOC was the highest at the 467 nm wavelength with a 
spectral dependence of λ-4.8. The wavelength dependent SFE of LAOC was further shown to be 
the highest in the UV range. The absorption of LAOC in the UV range has previously been 
identified to affect the actinic flux and therefore near surface tropospheric chemistry [Li et al., 
2011; Vuilleumier et al., 2001]. The results presented here suggest that the actinic flux could be 
further reduced with increasing ambient RH due to the increase in LAOC absorption in the UV 
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range. A reduced actinic flux has implications for the photolysis of nitrogen dioxide which 
produces some of the precursors for ground level ozone and smog formation.  
A field campaign performed in Mexico City by Palancar et al. [2012] estimated total 
reduction of the actinic flux as 25% at the surface, which reduced the photolysis rate of nitrogen 
dioxide by 67%. Model simulations in the same study also showed that the vertical structure of 
the actinic flux is sensitive to the aerosol single scattering albedo at UV wavelengths. An actinic 
flux increase in the PBL was predicted for aerosols with a single scattering albedo greater than 
0.95. Reductions in the actinic flux in both the free troposphere as well as in the PBL were 
predicted for strongly absorbing aerosols in the UV with a single scattering albedo less than 0.6. 
The magnitude of the exact contribution of LAOC to the actinic flux reduction is not entirely 
clear but is likely significant. Kirchstetter and Thatcher [2012] identified that LAOC contributes 
40% of the total aerosol absorption in the UV wavelengths. The changes in LAOC absorption 
with increasing RH observed in this work likely have further implications for the actinic flux and 
tropospheric photochemical reactions. 
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6. SUMMARY AND CONCLUSIONS 
Growing concern over an anthropogenic influence on climate has drawn attention to the 
role of aerosol in the earth’s climate system. Efforts to evaluate the radiative effects of aerosol on 
current and future climate are limited because of uncertainties and spatial heterogeneity in 
aerosol properties. As part of the effort to better understand aerosol-climate interactions, this 
work studied the optical properties as a function of relative humidity (RH) of light absorbing 
organic carbon (LAOC) and its mixtures with ammonium sulfate and sodium chloride in a 
laboratory setting. LAOC particles are emitted into the atmosphere from biomass burning when 
biomass is pyrolyzed at elevated temperatures. 
6.1 Summary of Contributions 
The following sections list the contributions and findings of this dissertation in terms of 
measurement methods (6.1.1), findings for LAOC aerosol (6.1.2) and findings for LAOC aerosol 
mixtures (6.1.3) 
6.1.1 Measurement Methods 
6.1.1.1 Simultaneous in situ Determination of Aerosol Optical Properties for RHs up to 95% 
A major part of this dissertation focused on the development of instrumentation to 
measure aerosol properties as a function of RH. Light extinction, measured with a customized 
short path extinction cell, and aerosol light scattering, measured with a modified nephelometer, 
were used to determine aerosol light absorption and single scattering albedo under controlled RH 
conditions at three visible wavelengths (467, 530 and 660 nm). Dry particle size distributions, 
hygroscopic diameter growth factors and aerosol composition, used for optical closure modeling, 
were further determined parallel to the optical measurements. Extensive instrumentation 
benchmarking with independently measured and modeled values was performed to evaluate the 
developed instrumentation, before measuring the LAOC aerosol and its mixtures. 
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Earlier work on aerosol optical properties mostly focused on either aerosol light 
scattering or extinction as a function of RH up to 85%. This work developed the methods to 
measure both extinction and scattering simultaneously as a function of RH up to 95% which 
further allowed the determination of aerosol light absorption and single scattering albedo. 
Furthermore, modifications employed to the nephelometer made measurements of all three 
variables possible for RH values up to 95%. No studies have examined aerosol absorption as a 
function of RH up to 95% for LAOC and its mixtures with atmospherically relevant ammonium 
sulfate ((NH4)2SO4) and sodium chloride (NaCl). While previous studies have derived aerosol 
light absorption with Mie-Lorenz theory from RH controlled extinction measurements without 
measuring scattering [Flores et al., 2012], this work included the light scattering measurement, 
resulting in more confidence in the absorption determined as a function of RH. 
6.1.2 Observations for LAOC Aerosol 
6.1.2.1 Over 97% of Primary LAOC from Pyrolysis is Composed of Organic Material that is 
Sparingly Hygroscopic 
Analysis of filter measurements revealed that the pure LAOC generated for this research 
contained a small mass fraction of inorganic mass mainly consisting of potassium, chloride and 
sulfate ions. The Hygroscopic Tandem Differential Mobility Analyzer (HTDMA) measured a 
hygroscopicity parameter (κ) of 0.08 ± 0.02 for the LAOC material. Based on the composition 
analysis the κ of the organic fraction of LAOC (without inorganic ions) was determined to be 
0.03, indicating that the small inorganic LAOC mass fraction has an important effect on the 
LAOC hygroscopicity. Potassium, chloride and sulfate ions have been reported in other work as 
the main inorganic species in biomass burning aerosol, e.g. Ferek et al. [1998] and [Hand et al., 
2010]. 
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6.1.2.2 LAOC Aerosol Absorption Increases with Increasing RH 
Absorption of LAOC particles generated by the pyrolysis of oak wood at 425 ºC 
increased by a factor of 2.1 ± 0.7 and 2.3 ± 1.2 between 32 and 95% RH at 467 nm and 530 nm 
wavelengths, respectively. No absorption, and hence no absorption increase, could be detected at 
the 660 nm wavelength due to the detection limit of the instrumentation. 
Biomass burning related organic carbon (OC) is currently treated as non-absorbing or 
weakly absorbing in climate models. Models also prescribe no change in OC absorption with 
increasing RH. A change in absorption of this weakly absorbing material could be important on a 
global scale because it has a large burden in the atmosphere; biomass burning emits more than 
90% of the total primary organic aerosol mass globally [Bond et al., 2004]. 
6.1.2.3 Closure Modeling Represents the Trend of Increasing Absorption with RH 
Select refractive index mixing rules were tested in an effort by Francisco Mena to model 
the optical properties as a function of RH. No models except for the Dynamic Effective Medium 
Approximation (DEMA) adequately described the absorption trend for LAOC.  
The DEMA refractive index model has been applied previously as a possible framework 
to calculate refractive indices of cloud droplets that contain dispersed BC inclusions [Chylek et 
al., 1988; Jacobson, 2006]. This work provided the first measurements capable of confirming 
that DEMA is an appropriate mixing rule for absorbing material in droplets. 
6.1.3 Observations for LAOC Mixtures with Ammonium Sulfate and Sodium Chloride 
6.1.3.1 Mixed LAOC has Lower Deliquescence Humidity in Comparison to Pure Salts 
For all salt-LAOC mixtures a deliquescent growth in terms of size, scattering and 
extinction was observed with increasing RH. The deliquescence RH was lowered by up to 6% 
RH in comparison to the pure salts. 
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The lowering in the deliquescence RH could be explained by the LAOC fraction that 
attracts water at lower RH than the deliquescence RH of the pure salts, influencing 
thermodynamics of the salt fraction [Marcolli et al., 2004]. Measured shifts in the deliquescence 
RH of internal mixtures of organic and inorganic aerosol are consistent with previous 
observations, e.g. Andrews and Larson [1993] and Hansson et al. [1998]. 
6.1.3.2 Evaluation of Zdanovski-Stokes Robinson (ZSR) Rule for Predicting Particle Diameter at 
RH Values between 8 and 95%  
The HTDMA measured diameter growth factors of the LAOC mixtures with (NH4)2SO4 
and with NaCl were evaluated with the ZSR rule based on the growth factors of pure salts and 
LOAC and their mass fractions, respectively. The measured and modeled diameter growth 
factors agreed within 17% for all (NH4)2SO4-LAOC mixtures. Agreement within 6% between 
measured and modeled values was achieved for NaCl mixtures below 90% RH when particle 
shape was considered in the analysis. However above 90% RH a difference in diameter growth 
of up to 10% was observed for the NaCl mixtures. 
6.1.3.3 No Difference between Mixed and Pure LAOC Absorption Growth Factors  
While the added (NH4)2SO4 and NaCl salts increased extinction and scattering with 
increased RH compared to pure aerosol at the same RH, no effect could be determined for the 
absorption growth factor. Modeling with Mie-Lorenz theory and the DEMA mixing rule 
reproduced the extinction and scattering growth and suggested an increasing absorption growth 
factor with added salt mass, but this increase could not be resolved by the measurements. 
6.1.4 LAOC Effect on Direct Radiative Forcing 
6.1.4.1 LAOC Optical Properties Affect Forcing over Highly Reflective Surfaces 
LAOC had a negative simple forcing efficiency (SFE) of -12 W g
-1
 and a negative 
radiative forcing (RF) of -12 mW m
-2
 and -for 0 and 95% RH, respectively at the top of the 
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atmosphere over a global average surface albedo (0.2). At 95% RH, the SFE and RF decreased to 
a value of -16 W g
-1
 and -29 mW m
-2
, respectively. Over surfaces with an albedo greater than 0.3 
the SFE and RF of LAOC became positive. The highest LAOC forcing was observed over highly 
reflective surfaces such as snow with high surface albedo. Over a fresh snow surface (albedo 
0.85) the SFE of dry LAOC was 58 Wg
-1
 and the RF was 57 mW m
-2
. At 95% RH the SFE 
increased to 148 Wg
-1
 with a corresponding RF of 144 mW m
-2
. If the LAOC would be treated as 
non-absorbing OC the SFE and RF would be -0.33 W g
-1
 and -0.32 mW m
-2
, respectively at 0% 
RH and -0.57 W g
-1
 and -0.56 mW m
-2
 at 95% RH. Therefore, the use of a correct refractive 
index representation with increasing RH is critical over highly reflective surfaces. The increase 
in LAOC forcing in the atmospheric column is also likely to have implications for the semi-
direct and indirect climate effects. Additionally, since most of the spectral LAOC forcing was 
observed in the near UV range the increase in forcing with RH could have implications for the 
actinic flux and tropospheric chemistry. All these effect should be further studied with a more 
detailed atmospheric column radiative transfer model and a global circulation model (GCM). 
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6.2 Recommendations for Future Research 
The following are some aspects of this work that have not been resolved and may merit 
further research. 
6.2.1 Instrumentation 
6.2.1.1 Extinction Measurements and Detection Limits 
The short path extinction cell (SPEC) has an optical path length of 1.25 m which 
corresponds to a determined extinction detection limit of 57.3 Mm
-1
 (467 nm), 64.5 Mm
-1
 (530 
nm) and 105 Mm
-1
 (660 nm) at an averaging time of 120 s. While the SPEC allows accurate 
measurement of extinction in the laboratory or near emission sources at high particle mass 
concentrations greater than 300 μg m-3, a more sensitive instrument is desirable. A signal drift in 
the SPEC signal was also observed which was corrected for by frequent zero cycles with 
particle-free air. During the progression of this dissertation an extinction cell using an optical 
cavity became commercially available (CAPS PMex Monitor, Aerodyne Inc.). This instrument 
offers an attractive alternative to the current SPEC because of its low detection limit of  
0.25 Mm
-1
 at an integration time of 60 s at the 530 nm wavelength [Massoli et al., 2010]. The 
CAPS PMex is currently offered at single wavelengths of 450, 530 or 630 nm. The 450 nm 
instrument would be ideal for LAOC research and could benefit future research in the following 
ways: 
- A lower extinction detection limit would provide a lower absorption detection limit, 
allowing the optical measurements to be performed at lower mass concentrations. 
However, the relative uncertainty of the determined absorption is not expected to 
change [Sedlacek and Lee, 2007]. 
- Less frequent zero cycles would be needed to account for instrument drift; therefore, 
the time required for an entire RH scan could be reduced. 
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- Aerosol optical properties could be measured at selected particle diameters. A 
selector differential mobility analyzer could be used upstream of the optical 
instrumentation that would allow particle diameter resolved measurements of optical 
properties to accurately determine absorption cross-sections as a function of RH. The 
evaluation of optical closure would likely be improved since smaller sizes of particles 
could be evaluated with higher precision with little influence of large particles that 
dominate the optics. Although larger multiply charged particles would still be an 
issue, this could be addressed by choosing an impactor with a smaller diameter. 
- LAOC studies would be possible under ambient dilution ratios in the laboratory and 
in the field. Small changes in absorption, such as those indicated by the DEMA model 
for mixed LAOC aerosol, could be investigated.  
- A low aerosol flow requirement of 0.85 L min-1 and low sensing volume would 
reduce the residence time of the humidified aerosol. This would allow faster RH 
scans and the system could be operated in parallel to the nephelometer on its own 
branch. 
Potential drawbacks would be the complexity of the CAPS PMex instrument; for 
example, the lenses of the SPEC can be cleaned fairly easily. A contaminated optical cavity 
might be challenging. Since the instrument uses a LED light source heating should not be an 
issue but needs to be investigated. 
6.2.1.2 Nephelometer Heating 
The instrument modification performed in this work reduced the nephelometer heating to 
less than 0.5 ºC. However, the reduction in heating came at the cost of sensitivity and ease of 
instrument operation. Less expensive LED based nephelometer designs are becoming more 
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popular and are employed in humidographs [Zaveri et al., 2012]. The TSI instrument still 
remains the standard instrument in terms of optical performance and characterization, which are 
essential for an accurate absorption determination by difference between extinction and 
scattering. Development of a cold high illumination power light source that fits the TSI design 
would allow measurements above 95% RH. 
6.2.1.3 RH Measurement for RH Ranges above 90% 
Both of the currently employed RH sensor types have drawbacks at RH values greater 
than 90%; the Vaisala sensors lose accuracy and require frequent calibration and the chilled 
mirror dew point sensors have long response times of more than 3 minutes. A technology that 
would improve accuracy with a fast response time is an infrared spectroscopy based sensor 
[Fried et al., 2008]. An accurate dry-bulb measurement would still be necessary for the 
determination of RH. 
6.2.1.4 Mixing Experiments with Higher Inorganic Salt Mass Fraction 
Higher inorganic salt mass fractions than the ones tested in this work (0.19 to 0.27) are 
commonly observed in atmospheric aerosol mass. [Hand et al., 2012]; therefore, experiments at 
higher salt mass fractions are recommended for future research. This work experimented with 
two methods to generate (NH4)2SO4-LAOC and NaCl-LAOC mixtures by directly injecting the 
salt into the pyrolysis reactor and pyrolysis reactor chimney and by using the method described 
in Chapter 4.2.3. No evidence of (NH4)2SO4 could be observed in the HTDMA data for the 
injection experiments of (NH4)2SO4 into the pyrolysis reactor, which could be explained by the 
decomposition of (NH4)2SO4 at 425 ºC. 
A possible method to generate higher salt mass fractions could be the construction of a 
mixing apparatus which operates on the same principle as the dilution probe but with an opposite 
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flow configuration in which the LAOC flow is added in a controlled manner to the salt particle 
flow. The dilution probe would still be employed for sampling the LAOC of the reactor but a 
higher dilution ratio and probe height could be used to control the LAOC mass before it enters 
the proposed mixing device. 
6.2.2 Properties of LAOC 
6.2.2.1 Variations in Observed Single Scattering Albedo and Absorption Ångström Exponent 
Single scattering albedo values ranging from 0.91 to 0.96 were observed for different 
LAOC experiments. A more drastic variability between different experiments was observed for 
the absorption Ångström exponent, which ranged from 1.7 to 11. The cause of such difference in 
absorptive properties needs to be investigated. 
Measurements of wildfires also show highly variable LAOC absorptive properties with 
different biomass plumes [Lack et al., 2012]. Some plumes measured by Lack et al. [2012] 
showed no absorption at all while some had a mass absorption cross-section (MAC) ranging from 
1 to 2.5 m
2
 g
-1
 at 404 nm. The extrapolated dry MAC of this work using an average Ångström 
exponent of 4.8 from all measurements is 2.1 m
2
 g
-1
 at 404 nm, well within that range. Possible 
causes of such differences in absorptive properties could be variations in residence time of 
pyrolysis organic matter at high temperatures during the emission process causing charring. 
Another cause could be due to later processing, such as evaporation of volatile low absorbing 
organic species caused by dilution or other chemical processes, such as oxidation. 
6.2.2.2 Particle Configuration with Increasing RH 
The DEMA refractive index mixing rule was able to represent trends in observed 
absorption and single scattering albedo with increasing RH. DEMA represents a composite 
medium of water-soluble and insoluble particle fragments. Currently, the existence and 
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characteristics of water insoluble particle inclusions in the LAOC aerosol material studied in this 
work have not been determined. Evidence for the existence of water insoluble absorbing LAOC 
material could be provided by filter measurements. Chen and Bond [2010] observed that 20 to 
40% of LAOC mass is water insoluble and that the insoluble part contributed to most of the 
absorption. It is recommended to investigate the absorbing inclusions further by using scanning 
electron microscopy techniques. If inclusion fragments can be identified, environmental scanning 
microscopy under controlled RH conditions could further be applied to see if and how inclusions 
disperse with increasing RH. The difficulty for such work is the collection of LAOC particles in 
a representative manner. 
6.2.2.3 DEMA Theory 
It is currently unclear how sensitive the determined complex refractive index of the 
effective medium is to the number, size of inclusions and refractive index of the host medium. 
Some of these questions could be answered by a careful sensitivity analysis; some might require 
additional observational work. 
6.2.3 LAOC Radiative Forcing 
6.2.3.1 Evaluating LAOC with a Global Circulation Model 
This work estimated the global top of the atmosphere RF of LAOC as -12 mW m
-2
 and  
-29 mW m
-2
 for 0 and 95% RH, respectively, with a simple two stream radiative transfer model. 
However, the RF estimates of the simple model for black carbon and sulfate were an order of 
magnitude lower than the ones predicted by a GCM. This mismatch could be attributed to be the 
spatial distribution of the aerosols and aerosol layers aloft clouds which are not taken into 
account by the simple model. Therefore, a further investigation of the RF of biomass burning 
related LAOC with a more elaborated radiative transfer model and GCM is recommended to 
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evaluate more accurately its magnitude of LAOC forcing. Even if a future GCM study found a 
negligible change in RF caused by the change in LAOC absorption with RH, the uncertainty of 
this effect would be reduced and quantified. Furthermore, a GCM study could be used to 
investigate other uncertain LAOC effects on the atmospheric system and climate such as the 
atmospheric column and surface forcing, semi-direct and indirect climate effects and effects on 
tropospheric chemistry.  
The measured LAOC optical properties of this work provide the required inputs for the 
parameterization of the LAOC optical properties in radiative transfer models. The refractive 
index and optical mass cross-sections have been calculated and used in this work to estimate the 
SFE and RF. A recalculation of these input parameters with Mie-Lorenz theory might be 
necessary to adapt them to the prescribed dry biomass burning OC particle size distribution and 
hygroscopic growth factor in the GCM. Other required parameters such as the asymmetry 
parameter as a function of RH for the entire spectral range can also be derived in a similar 
manner with Mie-Lorenz theory. For simple parameterizations of optical properties the 
polynomial fits of the scattering and absorption growth factors are also provided in Appendix E. 
6.2.3.2 Confirmation of LAOC Optical Properties and LAOC Absorption Increase with RH 
To assess the impact of LAOC on RF more field and laboratory confirmation of its 
optical properties is necessary. The optical properties and in particular light absorption of 
biomass burning aerosol should be studied as a function of RH with field measurements. While 
absorption measurements as a function of RH remain a challenge and need further development, 
a first approach could be the measurement of dry absorption and particle composition in 
combination with dry and scanning RH extinction measurements. A further step could be the 
application of the difference method in the field at wavelengths in the near ultraviolet range 
149 
 
(wavelengths less than 420 nm) at which LAOC has a stronger absorption than in the visible 
range and absorption differences with RH could be detected at low LAOC mass concentrations. 
A real time parallel analysis of black carbon (BC) mass such as the single particle soot photo 
meter could be employed to determine if BC or LAOC is causing the absorption.  
Important parameters which are interlinked with optical and hygroscopic properties such 
as the real part of the refractive index and the density of LAOC require further attention with 
laboratory studies. Ellipsometry of deposited aerosol films on glass carriers could provide 
information for the refractive index of LAOC. A Couette Centrifugal Particle Mass Analyzer 
instrument [Olfert and Collings, 2005] could be used to measure LAOC density in situ. 
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APPENDIX A INSTRUMENT OPERATING PROCEDURES 
Pyrolysis Reactor 
Operation: 
1) Clean inside of combustor of any charcoal that is left from previous experiments. See if 
metal stand is in place on the bottom of combustor (wood block is put on this stand 
instead of the bottom plate of combustor). 
2) Place stainless steel chimney firmly on top of combustor. The chimney allows for a more 
accurate control of the temperature. 
3) Check if thermocouple wire is connected to the control box (either top or bottom 
thermocouple can be used as temperature input for the controller). All the work in this 
dissertation was performed using the “top” thermocouple. 
4) Plug unused (bottom) thermocouple wire into hand held thermocouple reading device and 
turn it on. The reading should be in the range of room temperature. 
5) Plug yellow controller box cable into power outlet. (see Figure A1) 
 
 
Figure A.1 Pyrolysis reactor controller 
6) Reset GFCI button. Controller display should read “self test” for 5 seconds. After startup 
the controller indicates the actual temperature in red and the previously used temperature 
set point in green. The controller is heating if the temperature set point is higher than the 
actual value (clicking sound of relay is audible and actual temperature value starts to 
rise). 
7) If the stored set point is not at the desired value, press the button to get to the SP1 
menu, change temperature to the desired value with the up and down arrow keys and save 
settings with the  button. The reactor should now heat up to the desired set point and 
hold it typically within 10 ºC. 
8) Let the reactor heat up for 20- 30 min so stable temperature conditions can be achieved. 
9) After a stable temperature is reached, turn on the nitrogen sheath flow (use the valve and 
rota meter to set the desired flow rate). All work in this dissertation was performed with a 
nitrogen flow rate of 6 LPM) 
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10) Wait another 5 min to reach stable conditions (nitrogen flow cools the reactor slightly, 
which has to be compensated for by the controller). 
11) Reactor is now ready to use. Use isolated glove and tongues to manipulate woodblocks in 
and out of the reactor. 
12) Use the attached test protocol to record your experiment. 
13) Turn off the nitrogen flow when the experiment is finished. 
Possible Issues: 
 PID parameters/oscillating temperatures: The controller is tuned for stable operation 
between 150 and 500 ºC with the top thermocouple as controller input and stainless 
chimney in place. For non-standard configurations, it is recommended to auto-tune the 
controller to retrieve more suitable PID parameters. Please consult the controller’s 
manual.  
 Hanging relay contact: The controller uses a mechanical relay to turn the power to the 
heater on and off. These relays have long lifetimes, but can be consumed. A faulty relay 
would typically provide full power to the combustor continuously, causing it to overheat. 
Listen for clicking sounds during normal operation which indicate that the relay is 
working properly. The relay is a standard 120V/ 15A Tyco relay from the ECE store. 
 GFCI switch is stopping operation: The GFCI switch was installed for safety and 
interrupts power to the controller either when there is a short circuit in the wiring or a 
grounding issue. Check the wiring carefully and consult with a professional if this 
happens. 
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Pyrolysis Reactor Protocol 
Name: ___________  Date: ___________   
Optical Data Filename(s): 
____________________________________________________________ 
SMPS Data Filename(s): 
_____________________________________________________________ 
HTDMA Data Filename(s): 
____________________________________________________________ 
 
Hardware Settings 
Impactor:  10μm (  ) 1μm (  )  Date Cleaned: ______________ 
Aerosol Flow: ___________ (Lpm)   Fan: On (  ) Off (  ) 
Dilution Flow: ___________ (Lpm)   Impactor Flow: ___________ (Lpm) 
Probe Height: ___________ (cm) 
 
Heater Settings 
Temperature Set Point________ (˚C)  Controlled Thermocouple:Top (  ) Bottom (  )  
Nitrogen Flow: ___________ (LPM ) Chimney: Yes (  ) No (  )  
 
Wood Information 
Type: ____________________  Size:  x  x  (cm) 
 
Table A.1 Pyrolysis reactor protocol 
Wood piece # Start Time End Time: Comments: 
1    
2    
3    
4    
5    
6    
7    
8    
9    
10    
 
Total Time of Combustion Events: _______________(min) 
Residence Time of Aerosol before further Measurement: _________________(min) 
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SMPS System 
Operation: 
1) Connect DMA aerosol inlet to a HEPA filter. 
2) Turn on power strip which powers on the TSI 3071 DMA, the TSI 3021A CPC, the sheath air 
recirculation pump and the Alicat sheath air mass flow controller (MFC). 
3) Let instrument warm up. The 3021A CPC can take up to 30 min to reach a stable saturator 
temperature (temperature indicator is green when stable temperature is reached). 
4) Use the bubble meter to check aerosol inlet flow. In contrast to the TSI 3010 CPC, the 3021A 
CPC has an internal pump that sets the flow in combination with a laminar flow element. The 
aerosol flow must be within 2% of the desired 0.3 LPM. 
5) Check the MFC settings for the sheath air flow rate. The MFC should be set to a volumetric 
flow rate of 3 LPM which corresponds to a sizing range between 15 and 831 nm. Lower 
sheath flow rates of 2.4 LPM allow for the sizing of up to 1 μm. Make sure the MFC is 
controlling the volumetric flow rate, not the mass flow rate! 
6) Start the PC (the SMPS is currently connected to the same PC as the optical instrumentation; 
both the optical data acquisition and the SMPS programs can be run simultaneously). 
7) Connect the SMPS to COM 1, the physical RS232 port on the PC (not the ones on the USB 
interface which are used for the optical instrumentation). 
8) Start the TSI-AIM program (shortcut on desktop). Apply and check the following settings in 
the AIM software: 
a. Under the AIM window, start a new session: “File” -> “New. 
b. Under hardware setting, select or enter the following: Classifier model “3071” 
Impactor Type “0.0710 cm” or “none” CPC Model “3022A.” 
c. Set Td (s) to 1.45 and the sheath flow rate to 3 LPM. 
d. The CPC flow should be automatically set to 0.3 LPM.  
e. Set scan up time to 300 s (or faster).Set scan down to 30 s. Both times can be 
adjusted; read the DMA literature to determine the results of choosing different 
settings. The system configuration with the 3022A CPC requires longer scanning 
times than a configuration with a 3010 CPC due to the lower aerosol flow rate. 
f. Go to the physical properties tab and check the multiple charge correction box. 
g. Save the settings. 
9) The instrument is now ready for use. 
10) Use the protocol on the next page to record the settings and the measured data. 
11) Connect the HEPA filter to the instrument after use and let it run for 10 min to clear out 
aerosol residues (CPC should read a 0 concentration before it is turned off). 
Procedures required depending on frequency of instrument use: 
1) MFC calibration: Disconnect MFC from the loop and check MFC flow with the Gilibrator 
bubble meter to the open atmosphere (flows should not differ more than 3%).  
2) Preform frequent leak checks, especially when the HEPA filters or the recirculation pump 
was disconnected. 
3) Perform frequent benchmarks with 350 nm PSL aerosol (bottle in Rood group refrigerator). 
Mean diameter should agree within 3%.  
4) Exchange the 4 Amstat staticmaster ionizer plates (in charge neutralizer) on a yearly basis. 
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TSI 3936 SMPS Protocol 
Name: ___________  Date: ___________  Combustor Protocol: ___________ 
Optical Data Filename(s): ________________________________________________________ 
HTDMA Data Filename(s): _______________________________________________________ 
 
Hardware Settings 
CPC Model:  3010-S (  ) 3022A (  ) 
Sheath Flow: ___________ (Lpm)  Recirculation: Yes (  ) No (  ) 
Aerosol Flow: ___________ (Lpm)  Dilution Flow: ___________ (Lpm) 
 
Software Settings 
Filename: _____________    Export Filename: _____________ 
Scan Up Time: ___________ (s)   Scan Down Time: ___________ (s) 
CPC Delay Time: ___________ (s)   Multiple Charge Correction: Yes (  ) No (  ) 
 
Table A.2 SMPS scan information 
Scan # Optical Test # RH (%) Comments: 
1    
2    
3    
4    
5    
6    
7    
8    
9    
10    
11    
12    
13    
14    
15    
16    
17    
18    
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HTDMA (Updated Procedure from Christoph Roden’s Dissertation) 
Operation: 
1) Turn on both Alicat mass flow meters (MFM), which should be separate from the main 
power supply strip. 
2) Tare both MFMs and check if the reading is stable (can take up to 10 min). 
3) Turn on the main power strip, which includes the following: recirculation pumps, selector 
DMA power supply (supplies voltage for selection DMA), the Sensirion RH sensors, CPC, 
TSI DMA 3071 and 4 fans for the scanning DMA enclosure. 
4) Start the PC. 
5) Turn on vacuum flow for the CPC and check if vacuum pressure is > 15” Hg. 
6) Let system idle for 20 min to reach stable operating conditions. 
7) Determine flow rate for the sheath flows and the voltage for the selector DMA. The typical 
flow values range from 6 -10 lpm (volume). Voltage of the selector DMA can be calculated 
with the DMAcalc.xls spreadsheet on the desktop of the PC. Consult literature about the 
effect on multiple charges Duplissy et al. [2009] is a good reference) and determine a dry 
selection diameter based on the dry overall particle size distribution measured with the 
SMPS. 
8) Fill humidifier reservoir (plastic bottle) with nano-pure water. 
9) Insert master flex tubing into peristaltic pump head and make sure that the head is closed 
correctly. 
10) Start the TSI-AIM program (shortcut on desktop). Apply/ check the following settings in the 
AIM software: 
a. Under the AIM window, start a new session: “File” -> “New. 
b. Under hardware setting, select or enter the following: Classifier model “3071” 
Impactor Type “0.0710 cm” or “none” CPC Model “3010.” 
c. Set Td (s) “2.75” and the desired sheath flow rate. 
d. The CPC flow should be set automatically to 1 LPM.  
e. Set scan up time to Up “60 s” (or slower for larger size ranges and better 
accuracy) and scan down time to “15 s”. Both can be adjusted; read the DMA 
literature to determine the results of choosing different settings. 
f. Save settings. 
11) The AIM software is now ready for the first scan. 
12) Start the Sensirion EK-H4 data logging program and apply following settings: 
a. Select com port: COM 3 should be the default. 
b. Select “File” Log to file and provide filename and folder in which the logged RH/T data 
will be saved. 
c. Select “Start.”  
d. RH/T data is now logged, check screens for RH/T values and trends. It is recommended 
that the 3 RH sensors in the scanning DMA (SHT 2, 3, 4) are within 3% RH before 
taking a scan. 
13) Instrument is now ready for use (I recommend first performing a dry scan without turning on 
the pump and the variac of the humidifier). 
14) If dry diameter is in desired range, start the peristaltic pump at a speed setting of 20%. 
15) Turn on the variac of the humidifier heating tape but leave the variac setting at 0%. 
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16) Let RH equilibrate in the humidified DMA. Typical initial RH without using the heating tape 
should be around 35% RH. 
17) Perform and evaluate first scan. 
18) Set variac to higher value, let RH equilibrate and take next scan. Exact variac settings are 
hard to determine and depend on pump setting and water temperature. Typically a variac 
setting of 65% corresponds to a 92% RH in the scanning DMA (Higher RHs are not 
recommended). 
19) For longer operations it is recommended to cool the returning water flow from the humidifier 
by passing the return flow tubing through a beaker of ice. 
20) Always ensure that water is flowing in the humidifier return flow to prevent the burning of 
the membrane. 
21) Use attached test protocol to record data. 
Procedures required depending on frequency of instrument use: 
1) Calibrate MFM: Disconnect MFMs from the loop and check MFM flows with the Gilibrator 
bubble meter (flows should not differ more than 3%); otherwise, recalibrate the MFMs. 
2) Exchange the scanning DMA Teflon membrane filter. RH control might be difficult, if the 
scanning DMA Teflon membrane filter cartridge collected large amounts of inorganic mass. 
3) Check for leaks, especially when RH/T sensors were taken out for calibration/ exchange. 
4) Check RH sensor calibration every 3 months by comparing them to a factory calibrated 
reference Vaisala sensor. 
5) Perform frequent benchmarks with 100 nm (NH4)2SO4 aerosol for which growth factor data 
are available in the literature. The measured data should agree within 5% with the literature 
data [Tang and Munkelwitz, 1994]. 
6) Exchange the 4 Amstat ionizer plates (in charge neutralizer) and all 4 Sensirion SHT 75 
sensor heads on a yearly basis. 
Instrument Shut Down: 
1) Turn off Variac. 
2) Wait 5 min, turn off peristaltic pump. 
3) Let instrument idle for 10 min with a HEPA filter on the inlet (to clean out aerosol residues). 
4) Turn off main power strip and computer. 
5) Leave MFM meters on, if instrument will be used within the same week. 
  
174 
 
HTDMA Protocol 
Name: ___________  Date: ___________  Combustor Protocol: ___________ 
SMPS Data Filename(s): ________________________________________________________ 
Optical Data Filename(s): _______________________________________________________ 
 
Hardware Settings 
CPC Model:  3010-S (  ) 3022A (  ) 
Sheath Flow Selector DMA: ___________ (Lpm)  Recirculation: Yes (  ) No (  ) 
Sheath Flow Scanning DMA: ___________ (Lpm)  Recirculation: Yes (  ) No (  ) 
Aerosol Flow: ___________ (Lpm)    CPC Dilution Flow: ________(Lpm) 
 
Software Settings 
SMPS Filename: __________________ RH Filename: _____________________ 
Scan Up Time: ___________ (s)  Scan Down Time: ___________ (s) 
CPC Delay Time: ___________ (s)  Multiple Charge Correction: Yes (  ) No (  ) 
 
Table A.3 HTDMA scan information 
Scan # Scanning DMA RH 
(%) 
Comments: 
1   
2   
3   
4   
5   
6   
7   
8   
9   
10   
11   
12   
13   
14   
15   
16   
17   
18   
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Modified Nephelometer 
IMPORTANT Rayleigh scattering data: the modified instrument uses different 
wavelengths from the standard instrument (470, 530 and 660 nm); therefore, the air Rayleigh 
scattering in the Nephwin calibration software and the firmware of the instrument are different 
from the standard instrument. The scattering ratios of CO2 and SF6 to air which are used for the 
calibration remain the same. 
Calibration Procedures Different from a Standard Nephelometer Calibration 
1) Check the Rayleigh scattering data in the Nephwin program: 
a. Go to the Nephwin folder. 
b. Search for a file called “RAYSCAT.DAT” and open it with notepad. 
c. The second line in the file contains the scattering data for air; make sure that the 
line reads 2.3290E-5, 1.4280E-5, 5.8800E-6. I also recommend using the 
scattering ratios recommended by Anderson and Ogren [1998] which differ 
slightly from the standard TSI values (should be already changed in the file). 
d. Save the file. 
2) Follow the traditional nephelometer calibration on pages 5-43 in the TSI manual. 
3) Use clear buffer averaging times of 500 instead of 300 s. 
4) Purge the nephelometer before you take any calibration data, as SF6 is six times denser 
than air. Purge the instrument after the calibration with air to make sure no residues are 
left in the instrument. 
5) Print calibration data. Write the modified instrument serial number on it (70526051). 
Check the K3 constants in the printed file; they should be identical to the Rayleigh 
scattering data in the “RAYSCAT.DAT” file. 
Calibration Checks 
1) After calibration take measurements of HEPA filtered (reading should be around zero) 
CO2 and SF6 for which readings should agree within 3% with the values listed in Table 6 
of this dissertation; otherwise, repeat the calibration. An averaging time of 120s is 
recommended for comparing the scattering values of the gases with the theoretical values 
listed in Table 6. 
2) Perform a dry ammonium sulfate experiment with the calibrated modified nephelometer 
in parallel to the calibrated standard instrument for a range of different PM 
concentrations. Correct the readings from the standard instrument to the wavelengths of 
the modified instrument and perform a regression between the two instruments for the 
467 and 530 nm wavelengths. The instruments should differ less than 2% and the red 
wavelength should agree within 5%. If the dry PSD is measured, Mie theory can be used 
to verify the readings further. Closure should be achieved for all wavelengths within 
10%. 
Operation Procedures 
The instrument is operated similarly to the standard instrument with the following differences: 
- Lamp power needs to be set to 20W instead of 71W in (settings should be saved in 
instrument firmware and LabView program from previous use, but should be checked). 
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- Recommended background (zero) measurement time is 500 s instead of the standard 300 
s (settings are saved in instrument firmware and LabView program from previous use, 
but should be checked). 
Maintenance 
Similar procedures as standard instrument apply. In addition, perform the following tasks: 
- Clean hot mirror in front of the halogen lamp with an optical cleaner. 
- Use a 20W halogen lamp (General Electric, Q20MR16C/CG40˚) instead of a standard 
lamp. 
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SPEC 
Calibration Procedures 
The SPEC is calibrated by adjusting measured extinction values to measured scattering 
values by the nephelometer for dry non-absorbing (ammonium sulfate) aerosol as described in 
this dissertation. The following steps are important for performing such a calibration: 
 
1) Keep aerosol flow to lens purge flow the same for all experiments. A 32 LPM aerosol 
flow rate and a 0.3 LPM purge flow rate at each lens were found to perform well at high 
RH values. These flows need to be as accurate as possible (within 3%). 
2) Always use a 500 nm impactor upstream of the SPEC to remove large particles. 
3) Correct nephelometer values for dilution and truncation (see data analysis procedures 
below) before comparison with SPEC. 
4) A calibration experiment should cover the range of later measurements typically up to 
4000 Mm
-1
. 
Operation Procedures 
1) Turn on instrument a day before experiment by plugging it into the filtered power outlet 
in the laboratory. Be aware that the SPEC signal drifts with laboratory temperature 
changes. 
2) Check aerosol and purge flow rates before each experiment. 
3) To prevent instrument drift during operation, perform frequent zero-extinction cycles by 
inserting a HEPA upstream of the SPEC. Recommended sampling time is a minimum of 
120 s for both the zero and sample period. Additionally, allow at least 30 s for 
concentrations to stabilize between zero and sample switches.  
Maintenance 
Contaminated lenses: A contamination of lenses is indicated by a lowering of the 
transmission value with usage (Tr. value on instrument display) under HEPA filtered air 
conditions. Typical Tr values for a clean, well aligned SPEC are > 0.4. Another check to see if 
lenses are contaminated is to perform a particle-free air experiment at changing RH. 
Contaminated lenses will absorb water and increase the observed extinction with RH. A clean 
SPEC will show no response to RH. The following are the major steps to perform a cleaning of 
the lenses: 
 
1) Unplug the SPEC 
2) Mark the positions of the SPEC opto-electronics box and the mirror section on the optical 
table with a permanent marker (will help with the realignment). 
3) Remove the SPEC opto-electronics box and mirror sections from the cell so that the grey 
PVC lens holders are accessible (the lenses can be accessed without opening the aerosol 
section).  
4) Loosen the four hex screws and open the lens holder; be careful, because the lenses could 
fall out. 
5) Lens contamination is typically not visible with the eye. Use the optical cleaner (labeled 
“Schnaps” and Kim wipes to clean the lenses. Never touch them with your hands. 
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6) Put the lenses back in place in the same orientation (convex surface towards aerosol). 
Also, look through the lenses into the optical path to see if any other items such as an 
unaligned optical felt could be blocking the light transmission.  
7) Attach the opto-electronics box and mirror end section back to the lens sections.  
8) Align the optics by slightly moving the opto-electronics box until the highest 
transmission value (Tr value on instrument display) is achieved. The previously marked 
position on the optical table is a good starting point. A further improvement in 
transmission can be typically achieved by slightly rotating the mirror section.  
9) Tighten all screws and mark positions. Instrument is now ready for a leak check and a 
benchmark test with ammonium sulfate. 
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Optical Setup Operating Protocol 
Name: ___________  Date: ___________  Combustor Protocol: ___________ 
SMPS Data Filename(s): _________________________________________________________ 
HTDMA Data Filename(s): _______________________________________________________ 
 
Hardware Settings 
Impactor:  1μm (  ) 0.5μm (  )  Date Cleaned: ______________ 
Aerosol Flow: ___________ (Lpm)  Dilution Flow: ___________ (Lpm)  
Impactor Flow: ___________ (Lpm)  Dry Neph (Filter) Flow:  ___________ (Lpm) 
SPEC Flow:  ___________ (Lpm)  SPEC Purge Flow:  ___________ (Lpm) 
 
Software Settings 
Filename(s): _______________________ Neph Background before Start: Yes ( ) No ( )  
 
Table A.4 Optical setup protocol 
Optical Test # RH (%) SMPS Scan # Comments: 
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APPENDIX B DATA ACQUISITION (LABVIEW PROGRAM) 
Overview 
The LabView program used in this dissertation is a compilation of ideas from various 
sources including previous students in the Bond group: Christoph Roden, Scott Meyers, Anthony 
Clark’s group at the University of Hawaii and myself. LabView collected all optical and RH/T 
data. An overview of the developed modular data acquisition program is provided in Figure B1. 
Red boxes indicate the hardware and the type of interface that the hardware used to connect to 
the data acquisition PC. The violet box is the actual LabView program which calls the sub 
routines (indicated in black) for the individual instruments. The user needs to provide the 
software with the addresses of the instrument communication ports and also has the option to set 
the data acquisition frequency and certain instrumentation parameters. The software logs the data 
every second into a comma separated textfile (.csv). 
 
 
Figure B.1 Data acquisition program overview 
The SPEC and GE DP meter communication ports had to be polled every second. The 
nephelometer, Vaisala sensors and the thermocouple were set up in half duplex communications 
mode, providing data when requested by the program (every second). 
Two program versions exist; one without the collection of the RH/T data called “SPEC.vi” and 
one which includes the collection of all RH/ T data called “SPEC_DAQ.VI”. 
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Operating Windows 
The following are the major operating screens of the software. 
Settings Window 
The settings screen allows the user to assign serial port addresses, configure the two 
nephelometers (lamp power, Auto Zero timing, etc.) and the data acquisition (filename and 
acquisition frequency).  
 
 
Figure B.2 Settings screen 
The tabs on the top of the screen allow the user to switch to other software windows. 
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Optical Instrumentation Screen 
The SPEC/ NEPH/ PSAP screen shows the status of the optical measurements. The red “CLEAN 
AIR” button on the right is used to flag the zero / clean air data in the collected .csv file for 
further data analysis. 
 
 
Figure B.3 Optical instrumentation screen 
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Sensors/Flow Rates Screen 
The sensor flow screen provides near real time information about the RH and temperature 
measurement of the system. Also, the heating of the nephelometer is provided as gauge (based 
on the difference between the nephelometer sample and average upstream temperature). 
 
 
Figure B.4 Sensor screen 
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Block Diagram 
The actual programming of the software is performed in LabView VI blocks. The 
following figure provides an overview of the block diagram of the program. 
 
Figure B.5 Data acquisition block diagram 
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APPENDIX C MATLAB DATA ANALYSIS 
The following flow chart (Figure C1) provides an overview of the performed data 
analysis steps in Matlab. The collected .csv data was first read into Excel to save it in an .xls 
format to make the read in process to a Matlab structure easier. 
 
 
Figure C.1 Matlab data analysis 
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Description of Individual Steps 
The following tables provide brief descriptions of all the functions sorted according to 
instrument; more detail can be found as comments in the Matlab files. 
 
Table C.1 Extinction cell sub-routines 
Step Name Purpose Comment 
Zero vs. Sample Time 
Determination 
Determines zero and sample periods, 
based on flag set by “red button in 
LabView” (see above) 
 
Delta Count 
Determination 
Corrects for possible instrument drift 
by comparing zero counts before and 
after the sample period 
Linear function is used to 
account for drift between 
periods. Warning is 
provided to the user if 
slope/ drift is > 1.6666E-7 
Dark Count Correction 
Subtracts counts which were measured 
when no photo detectors are connected 
to the electronics 
Depends on electronics’ 
sensitivity setting. A 
setting of 540nA is 
recommended 
Extinction Calculation 
Calculates extinction coefficient from 
corrected photon zero and sample 
photon count ratio 
As shown in Chapter 4.5.1 
Pressure Correction 
Corrects extinction to standard 
pressure 1013 hPa 
Uses barometric sensor of 
nephelometer 
Temperature Correction 
Corrects extinction to lab temperature 
293.15 K 
Uses average of up and 
downstream thermocouple 
 
Table C.2 Nephelometer sub-routines 
Step Name Purpose Comment 
Time lag Correction 
Corrects for delay time between 
instruments 
Depends on aerosol flow 
rate and set up 
configuration 
Pressure Correction 
Corrects scattering to standard 
pressure 1013 hPa 
Uses barometric sensor of 
nephelometer 
Temperature Correction 
Corrects scattering to lab temperature 
293.15 K 
Uses nephelometer sample 
temperature 
Purge Flow Correction 
Corrects for dilution of purge air of 
SPEC 
Uses user supplied flow 
rate values (set in 
LabView) 
Angstrom Calculation Calculates Angstrom exponent  
Truncation Correction Performs truncation correction 
Anderson and Ogren 
(1998) 
Wavelength Correction 
Corrects scattering of non-modified 
nephelometer to SPEC wavelengths 
(467, 530 and 660 nm) 
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Table C.3 RH sensor sub-routines 
Step Name Purpose Comment 
SPEC RH calculation Provides RH within the SPEC 
Uses Vaisala sensor 
upstream of nephelometer 
Neph RH calculation 
Uses average upstream dew point 
temperature in combination with 
nephelometer sample temperature to 
calculate scattering RH  
As shown in Chapter 
4.5.2.3  
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APPENDIX D CALCULATION OF RADIATIVE FORCING 
% Program to calculate LAOC forcing as a function of RH and wavelength 
 Beni 10/20/12 
% requires Tami’s “Mie Code Suite” for operation 
% wavelength range 
lam_step = 5; 
lam_range = [280:lam_step:1000]; 
  
% RH range 
%RH_step = 5; 
RH_range = [0,30,60,80,85,90,92.5,95]; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Dry Particle Size & Density Data 
  
CMD = 230; % From dry PSD data 
GSD = 1.45; % From dry PSD data 
roh = 1.26; % Density Cross et al 2006 
rohw = 0.9982; % Water density 20C 1ATM 
  
% Dry Optical Properties 
mreal = 1.57; % real part of RI 
refk = 0.017;        % imaginary refractive index reference wavelength 
determined by fran 1.57+0.017i (? = 467 nm) 
reflam = 467;       % reference wavelength 
absk_ang = 4.8; % Absorption Angstroem Exponent (average of 4 measurements, 
uncertainty +/-2)  
  
% Calculation of dry k over entire spectrum 
k_range = refk * (lam_range/reflam) .^ (-1*absk_ang); 
m_dry = mreal + k_range * 1i; 
  
% Particle Hygroscopic Properties (HTDMA DATA) 
kappa = 0.08; % From HTDMA Measurement +\-0.02 
Gf_range = (1+(kappa*(RH_range./100))./(1-(RH_range./100))).^(1/3); 
%Determine GF at all RHs 
  
% Determine Humidified Size Distribution Aerosol Water Content and Density 
CMD_range = CMD.*Gf_range; % Wet CMD's 
phi_s = 1./(Gf_range.^3);%volume fraction of LAOC              
phi_w = 1 - phi_s; %volume fraction of water 
roh_range = phi_s.*roh+ phi_w.*rohw; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Get refractive indices of water for entire spectrum 
waterdata = xlsread('Water', 'data', 'G2:I1262'); % From Segelstein 1981 
m_wat = linterp(waterdata(:, 1), (waterdata(:, 2) + waterdata(:, 3) * 1i), 
... 
    lam_range); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Determine Refractive Index as a function of RH with DEMA 
disp('Calculating Refractive index as a function of RH and wavelength') 
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wave_range = lam_range.*1E-7;    %wvl in cm 
eps_s = (m_dry.^2).'; % dry dielectric constant of LAOC 
eps_w = (m_wat.^2).'; % dry dielectric constant water. 
A = 1E-6; %Inclusion size parameter determined by Fran 
  
%DEMA mixing rule from Fran 
for kk = 1:1:length(RH_range) 
    for qq = 1:1:length(lam_range) 
               
        epsilon(kk,qq)  = fsolve(@(e) DEMA(e, phi_s(kk), eps_s(qq), 
phi_w(kk), eps_w(qq), wave_range(qq), A),... 
                            eps_s(qq) ); 
                     
        refri(kk,qq)    = sqrt( epsilon(kk,qq)); 
    end     
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Determine Refractive Index as a function of RH with LVA 
for ss = 1:1:length(RH_range) 
    for tt = 1:1:length(lam_range) 
       mLVA(ss,tt) = phi_s(ss)*m_dry(tt)+phi_w(ss)*m_wat(tt); 
    end     
end 
  
clc 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Caluclation of particle optical properties over entire spectrum and RH 
% range 
disp('Calculating Aerosol Optical Properties with Mie Theory') 
  
extDEMA=[];scatDEMA=[];absDEMA =[];backscatDEMA=[];ssaDEMA = [];asymDEMA=[]; 
extLVA=[];scatLVA=[];absLVA =[];backscatLVA=[];ssaLVA = [];asymLVA=[]; 
  
for k = 1:1: length(RH_range)   
    for j = 1:1:length(lam_range) 
        MieDEMA = SizeDist_Optics(refri(k,j),... 
            CMD_range(k),GSD, lam_range(j), 'density',roh_range(k), 
'nephscats',false); 
         
        extDEMA(k,j) = MieDEMA.extinction; 
        scatDEMA(k,j)= MieDEMA.scattering; 
        absDEMA(k,j) = MieDEMA.absorption; 
        backscatDEMA(k,j) = MieDEMA.backscat; 
        ssaDEMA (k,j) = MieDEMA.ssa; 
        asymDEMA (k,j) = MieDEMA.asym; 
         
        MieLVA = SizeDist_Optics(mLVA(k,j),... 
            CMD_range(k),GSD, lam_range(j), 'density',roh_range(k), 
'nephscats',false); 
         
        extLVA(k,j) = MieLVA.extinction; 
        scatLVA(k,j)= MieLVA.scattering; 
        absLVA(k,j) = MieLVA.absorption; 
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        backscatLVA(k,j) = MieLVA.backscat; 
        ssaLVA (k,j) = MieLVA.ssa; 
        asymLVA (k,j) = MieLVA.asym; 
        k 
        j 
        disp('of') 
        length(RH_range) 
        length(lam_range) 
    end 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Calcaulation of Forcing efficincy over entire spectrum and RH range 
disp('Calculating Forcing Efficieny') 
% forcing info  
%alb = 0.85; % Land average 0.19 #Goode 2001#, fresh snow 0.85 #Grenfell and 
Warren 1994#  
albedo_range=[0.05:0.05:0.95]; 
cfrac = 0.6; % cloud fraction #Charlson 1991# 
  
% get solar spectrum data col 1 is wavelength 
solardata = xlsread('AbsSpectrum', 'SMARTS2'); 
solarspec = solardata(:, 3);% get spectral insolation 
atmtrans = solardata(:, 3) ./ solardata(:, 2);      % get atm transmission 
spec_power = linterp(solardata(:, 1), solarspec, lam_range); % interpolate 
insolation same lambda range 
atrans = linterp(solardata(:, 1), atmtrans, lam_range); % interpolate atm 
transmisiion same lambda range 
  
% Calculate SFE per wavlength interval and integrated per RH over entire 
albedo range (Bond and Bergstrom 2006) 
% DEMA 
for aa = 1:1:length(albedo_range) 
    for rr = 1:1: length(RH_range)   
        for oo = 1:1:length(lam_range) 
            fefDEMA (aa,rr,oo) = -spec_power(oo) * atrans(oo)^2 * (1-cfrac) * 
((1-albedo_range(aa))^2 * 2 * backscatDEMA(rr,oo) - 4 * albedo_range(aa) * 
absDEMA(rr,oo)) ; 
            fefLVA (aa,rr,oo) = -spec_power(oo) * atrans(oo)^2 * (1-cfrac) * 
((1-albedo_range(aa))^2 * 2 * backscatLVA(rr,oo) - 4 * albedo_range(aa) * 
absLVA(rr,oo)) ; 
        end 
        intfefDEMA(aa,rr) = sum(fefDEMA(aa,rr,:)); 
        intfefLVA(aa,rr) = sum(fefLVA(aa,rr,:)) ; 
    end 
end 
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APPENDIX E OPTICAL DATA 
LAOC Normalized Data for λ = 530 nm and 660 nm 
Normalized optical properties at 530 nm for four LAOC experiments generated at the 
same pyrolysis conditions (425°C). Symbols depict different experiments whereas the lines 
correspond to the LVA (dashed) and DEMA (solid) models. 
 
 
Figure E.1 Normalized LAOC optical properties at λ = 530 nm 
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Normalized optical properties at 660 nm for 4 OC experiments generated at the same 
pyrolysis conditions (425°C). Symbols depict different experiments whereas the lines correspond 
to the LVA (dashed) and DEMA (solid) models 
 
 
Figure E.2 Normalized LAOC optical properties at λ = 660 nm 
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Scattering and Absorption Growth Factor Fits (λ = 476 nm) 
Normalized optical properties at 467 nm for four LAOC experiments generated at the 
same pyrolysis conditions (425 °C). Symbols depict different experiments whereas the lines 
correspond to polynomial fits according to Kotchenruther et al. [1999]. 
 
 
Figure E.3 LAOC polynomial scattering and absorption growth factor fits (λ = 476 nm) 
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Measured and Modeled Optical (NH4)2SO4 Mixture Data (Absolute Values λ = 467 nm) 
Measured and modeled optical properties of biomass pyrolysis OC aerosol mixed with 
(NH4)2SO4 as a function of RH. Columns (a), (b) and (c) correspond to (NH4)2SO4 mass 
fractions of 0.21, 0.22 and 0.27. Symbols represent measured values with their measured 
standard deviations. The lines correspond to the modeled results. 
 
 
Figure E.4 Optical properties of (NH4)2SO4-LAOC mixtures 
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Determined Absorption Coefficient for the Pure (NH4)2SO4 Benchmark 
Figure E.5 shows the derived (NH4)2SO4 absorption data determined with the same data 
analysis steps as for the LAOC experiments.  
 
Figure E.5 Absorption of pure (NH4)2SO4 
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Measured and Modeled Optical NaCl Mixture Data (Absolute Values λ = 467 nm)  
Measured and modeled optical properties of biomass pyrolysis OC aerosol mixed with 
NaCl as a function of RH. Columns (a), (b) and (c) correspond to NaCl mass fractions of 0.19, 
0.26 and 0.27. Symbols represent measured values with their measured standard deviations. The 
solid lines correspond to the modeled results including a shape correction factor; the dotted lines 
show the modeled values without correction. 
 
 
Figure E.6 Optical properties of NaCl-LAOC mixtures 
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APPENDIX F MULTIPLE SCATTERING CORRECTION 
An inherent problem of extinction and scattering measurements at high aerosol 
concentrations is multiple scattering. Multiple scattering causes some of the photons, already 
removed by scattering from the optical path, to be re-scattered into the detection system of the 
instrumentation. Therefore the Beer’s Law (Equation 23) needs to be corrected for that artifact at 
high aerosol concentrations. The correction depends on the detector field of view (fov) angle, 
particle size and optical depth (τ) of the media. The approach of Wind and Szymanski [2002] was 
followed to provide an estimate of the multiple scattering contribution to the signals of the SPEC 
and the nephelometer for τ value of 0.01 for which data are readily available. The following table 
summarizes the results for the extinction cell and nephelometer for water droplets with a 
diameter of 500 nm for which the results were taken from Figure 9 in Wind and Szymanski 
[2002] shown below. 
 
Table F.1 Multiple scattering correction values for the SPEC and the nephelometer 
Instrument Path Length fov (º) 
Instrument 
Signal (Mm
-1
) 
τ 
Correction Factor Wind 
and Szymanski [2002] 
SPEC 1.25 10
a 
8000 0.01 ~ 0.99 
Nephelometer 0.35
b 
7
b 
28500 0.01 ~0.985 
a
 angle from lens specification 
b
 best estimate from nephelometer geometry and dimensions provided in manual 
 
The multiple scattering in both instruments increases the actual measured extinction and 
scattering signals less than 1.5% for a τ value of 0.01. The corresponding extinction and 
scattering levels for a a τ value of 0.01 are 8000 and 28000 Mm-1. These results show that the 
nephelometer is overall less affected by multiple scattering than the SPEC. Since the particles I 
measured were typically smaller than 500 nm and the optical depth typically lower than 0.01, it 
can be concluded that multiple scattering has a negligible effect on the results presented in this 
work. 
 
 
Figure F.1 Multiple scattering correction values [Wind and Szymanski, 2002] 
